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“~.by Grey-Leve! Mapping a traverse of responses over the tunnel. The
employed signal-processing techniques are very general and can be
used for detection of other subsurface targets,
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CHAPTER 1
INTRODUCTION

A. Background and Related Research

During the past decade, efforts at the ElectroScience Laboratory
have been concentrated on the detection and identification of various
subsurface targets such as tunnels, mine-like targets or different
kinds of pipes. In 1965 Kennaugh and Moffatt [1,2] performed a
pioneering work on their first attempt to characterize backscattered
transient responses (echoes). Young and Caldecott [3,4,5] later
did an extensive study on the detection of pipes. Recently, Chan
and Peters [5-8] have concentrated on the detection and identification
of mine targets. Davis and Peters [9] give a short summary on the
tunnel detection progress made thus far at the ElectroScience Labora-
tory. The above contributed greatly to the advances presented
here,

In this thesis a new method for detecting and determining
the structure (i.e., identifying), depth and relative position of
underground tunnels is presented. It was applied to measured tunnel
backscattered waveforms obtained at a tunnel cite located at Gold
Hill, Colorado. The results as compared to the actual tunnel depth
and structure were reasonably accurate,

The identification process is based on the assumption that
the transient response of the tunnel or generally any target can
be uniquely characterized by a set of complex natural resonances
(poles) (5,7,10,11]. We excite these resonances using a Video-Pulse
Radar [12]. This radar consists of a pulse generator, a pair of
horizontal crossed dipole antennas (one for transmitting and the
other for receiving, thus isolation is maintained between the trans-
mitted and received signals), and a sampling oscilloscope is used
as a receiver. The generator produces a narrow pulse of broad spec-
trum ranging from the pulse repetition rate of the pulser to the
Jower microwave region. Although the transmitted pulse has a broad
spectrum the dipole antenna acts as a principle filter. Therefore,
the natural response (or simply response) of the target must contain
its resonances close to the dipole resonance for possible target
detection and identification. Tribuzi and Wald [13,14] give a good
description on the development of the various dipole antennas that
were used in the underground radar system. It was found that the
dipole antenna can be characterized by a s!n?ie complex conjugate
pole pair (or simply gole pair) of large real part, independent
of antenna position [5-7]




The oscilloscope samples the received echo (of some finite
time window) at 256 points and records it in a form compatible for
computer processing 12 .

B. The Tunnel Response

Figure 1(a) illustrates a simple model of the tunnel response
when a pulse is incident on its surface. The incident pulse bounces
back and forth in the tunnel. Every time the bouncing pulse is
at the upper interface of the tunnel a pulse is also transmitted
and propagates toward the antenna. This creates a multiple lobe
signal structure at the receiving antenna input. Therefore, (within
our system's bandwidth) the tunnel's (natural) response can be
characterized in the complex frequency plane by a single complex
conjugate pole pair, independent of antenna position. Figure 1(b)
presents a transmission line model of the unified antenna-tunnel
structure. This model will be discussed extensively in Chapter
IV. A worst case study, in which the antenna is not matched to
the transmission line impedance will be pursued there. In practice,
when recording actual echoes our dipole antenna was closely matched
to the ground impedance, thus avoiding multiple reflections from
the target to facilitate the processing of the echoes, especially
when dealing with shallow targets. The results of this theoretical
study will prove to be very helpful in guiding tunnel identification
process.

To avoid confusion in later discussions, a point of distinction
is due here. [t concerns the classification of the different wave-
forms to be encountered, and will be used consistently henceforth.
When we refer to the (backscattered) original waveform, or simply
echo we mean the response received by the video-pulse radar. It has
not been processed yet by any identification or detection scheme,
except some analog processing accomplished in the radar itself for
supression of interference, clutter and noise. By tunnel or target
response we refer to the natural response of the tunnel or target,
respectively. For the tunnel this is just an exponentially decaying
sinusoid.

s The Identification Process

The identification process is concerned with the calculation
of the tunnel resonance and the arrival time of the tunnel response.
The resonance determines the tunnel's height and the arrival time
indicates its depth. The problem associated with the analysis
is that the received backscattered response is not only characterized
by the tunnel pole pair but it also contains the antenna pole pair,
possibly other false target poles, and si?nificant portions of clutter
and noise. Clutter occurrence is mainly in the early portion of
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the received echo and causes difficulty in the determination of
the tunnel response arrival time, Major efforts are attempted in
this study to overcome this problem.

In processing the original waveform, there are several distinct
steps and the curves presented are labeled accordingly. These
include:

1. Pole Extraction Process

This is in reality a digital or time domain filtering process
where a natural resonance or a complex conjugate pole pair and its
associated residue are removed from the waveform, The reader is
cautioned that this is not done by evaluating the residue and then
subtracting it from the waveform, but instead it is done in the
time domain via a difference equation approach. This process could
indeed be referred to as time domain filtering and indeed for the
sake of clarity and simplicity we will refer to it as such on the
waveforms presented. The approach has an advantage in that the
natural resonances that are enerqized at different times can be
accounted for,

2. Correction Process

In the process of extracting a natural resonance, the remainder
of the waveform is modified by this filtering process. This step
simply takes out the distortions introduced by the filtering process.

3. Recoenstruction Process

The late time portion of the signals can be used to generate
the early time signal of a given pole pair, This makes it possible
to reduce the effects of clutter in the early time region of the signal
and to better evaluate the initial part of the signal reflected
from the target.

The tunnel identification starts by first recording a set
of backscattered waveforms from a pass over the tunnel. The recorded
echoes are first processed for determining the poles of each particu-
lar echo. These poles will include the antenna and tunnel pole
pairs, and possibly other false target resonances. Prony's classical
method [7,15-20] was used for calculating the poles. This was done
as outlined in [7], by applying the method using various waveform
time windows and intervals between the samples to be used for con-
structing Prony's difference equations. The selected time windows
are characterized by their starting time and length (minimum length
is dictated by the number of poles desired). According to the cal-
culated poles from each parameter set (window starting point, window
length, number of poles, and interval between sanples? a theoretical
waveform is constructed, and a square error is detergined between




the theoretical and measured waveforms. Finally, the poles calculated
by the parameter set giving the smallest error are selected. The
program “Singularity Expansion by Prony" as given by Chan [7] was
used. Other techniques such as the Eigenvalue method (7] or Contour
Integration [211 could have been used for finding the poles.

After the pole calculation we strive to isolate the response
from the tunnel alone, This is the most important step of our
identification process. The accuracy of our results as compared
to other attempts by Stapp [22) and GEO-CENTERS, INC. [23] is derived
from this process. It is accomplished through the Pole Extraction
Process and is extensively discussed. During this process, all
the poles not associated with the tunnel are removed as calculated
by Prony's method. Thus, ideally, we are left with the tunnel
response alone,

Following the Pole Extraction Process (an§ correction), the
Reconstruction Process is used for combating the clutter problem.
It reconstructs the early portion of the tunnel response based on
a predicting window of its late response. This process contributes
to the estimation of the tunnel response arrival time,

Finally, the identification process can be highlighted by
mapping the reconstructed set of tunnel responses, using a mapping
technique extensively discussed by Stapp [22). Such a map can indi-
cate the relative tunne!l position.

D. Structure of the Thesis

The structure of this thesis is as follows:

In Chapter Il the Pole Extraction Process is discussed. It
presents the derivation of the difference equation used for the
extraction of undesired poles. Also, various characteristics
of this process are extensively analyzed and criticized.

e a

In Chapter [1] we present the Reconstruction Process. The
difference equation used for accomplishing this process is derived,
analyzed, and criticized. Examples on the performance of the process
with measured waveforms are given,

In Chapter IV a simple transmission line model of the Radar-
Tunnel structure is analyzed and tested. Application of the Pole
Extraction Process and Reconstruction Process is given here for
the identification of the theoretical target.

In Chapter ¥V measured echoes from a tunnel are encountered.
The effectiveness of the Pple Extraction and Reconstruction
Processes is strongly indicated here as compared to other attempts.
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CHAPTER 11
THE POLE EXTRACTION PROCESS

A, Objectives

The objectives of this chapter are the following:

1. To give the derivation and performance of the difference
equation used for extraction of all undesired poles from the raw
recorded waveforms of the tunnel echo.

2. To discuss the effects of the process on the waveform
associated with the remaining waveform poles and the importance
of the sampling interval used in the process.

3. To derive a method for correcting the various distortions
occuring on the waveform associated with the remaining poles due
to the Pole Extraction Process.

8. Derivation of a Difference Equation for Extracting
One CTompTex Tonjugate Pole Pair

The Pole Extraction Process is in effect a filtering process
to be used for real time calculations. It is accomplished by apply-
ing a difference equation to the recorded waveforms. As compared
to classical filtering it works in the complex plane (Figure 2)
for extracting (removing) particular poles from the recorded echoes
as they are calculated by Prony's method. [ts main advantage fs
simplicity and speed. [t avoids convolution or frequency spectrum
calculations as would be required with classical methods. Furthermore,
it concentrates only on the particular poles to be extracted.

In order to understand the principle of the process let us
assume an original waveform whose spectrum is F(w) and is character-
ized by a set of poles. We wish to extract a set of poles charac-
terized by a function Fi(w). The operation of the pole extraction
process is as follows:

Fplw) ;1'% : (M

F,(w) is the spectrum of the resultant waveform. Since we divided
b F’(m). then Fz(w) has all the poles of F(w) except the ones of
Fi(w].
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Figure 2. Complex plane.

We proceed now to generate a difference equation for imple-
menting a process equivalent to Equation (1). The difference equation
for extracting one complex pole pair (2 poles) is first derived
and then generalized for extracting several poles. Since we are
interested in deriving a process to be applied in the time domain and
thus avoid spectrum calculations, all manipulations will be worked
out in the ¢ -domain, -transform representations are then easily
tronsformed to discrete time domain [25,26). Furthermore, we will
only stress cases dealing with complex conjugate pole pairs since
the antenna and all underground targets are characterized by such
poles.

¢ We are referring here to one-sided 3-tnnsfon def ined as

»

R(2) = ZO r(nT)2"", where R(z) is the ;?-trnnsfonn of r(nT),
n

e -




The 1ollowing equivalences between Laplace transforms (contin-
uous time) and é?-transforns (discrete time) should always be at

hand:
5‘ 'Y Oi + j?lfi (2)
z; = lRi . jzHi (3)
s‘T

2, e (4)
l'ir

zRi = Re(zi) =@ cos(?uf‘T) (5)
iT

zmi = lm(zi) . @ sin(zxf‘r) (6)

0|' E
“jl . (7)

where the following symbolic notation has been used:
s = Laplace transform operator
? ® j-transfom operator
5y = pole in the s-domain
Z, = pole in the z-domain, equivalent to 4
a4 = real part of pole Sy
fi = frequency of pole S5
2a = real part of pole Z;
2y = imaginary part of pole Zy
T = sampling interval of the process

[2;] = magnitude of z,

zg = conjuqgate of z

s} = conjugate of Sy




o

The above notation will be consistently used in all subsequent
references,

Let us now represent our original waveform, r(t), in the
3-dmmm as follows:

R(z) » —yH2) (8)
(1-27"z))(1-2" z,)D(z)

e *
where R(z) is the §-transform of r(t) (r(t) = é? l[R(z)]). (2 'zl)
is the complex pol¥ pair to be extracted. The Fest of the denomin-
ator of R(z2), D(z), contains the other poles gf R(z) (tunnel pole
pair) to remain after the extraction of (z,.z,)

Multiplying both sides of Equation (8) by the representation
of the pole pair (z‘.z,) we obtain

Ryt2) = gt = (=22 (-2 R(2) (9)

R.(2) is the lé-transfom of the desired resultant waveform. Since
wb have multiplied R(z) by the zero,

Ry(2) = (1-27"2))(1-27'2)) (10)

the pole pair of R(z) at (2 ) is canceled out. Therefore, R.(2)
contains only the poles of 6(1’ Further manipulation of Equation
(9) gives
Ry(2) = (1-27'2)-27"2 027222 R(2)
or
-1 2.-2
Rp(z) = (1-2Re(2,)2 0|z'| 2 "Imis) ()

The above equation can now be easily transformed to discrete time
domain, to obtain

ro(nTg)=r(nT,)-2Re(2,)r(nTy-T,)¢ |2, r(nT -2T,) a2t

’lts equivalent form in continuous time is derived in Appendix A.




where T 15 the sampling interval during the pole extraction process
and rp(!) -3 lRp(Z)l-

The sampling interval Te is a multiple of TB' 18,4

where Tg is the basic sampling interval of r(t). N_ must be chosen
so that”it satisfies Shannon's sampling theorem. Tﬁis implies that

| i
'eiir;""e-‘-?TT,B ‘ (13)

Equation (12) as it stands can only generate points which
are a myltiple of T_. [In order to generate all the points within

the T_ interva!l, spSced at the basic interval TB' Equation (12)
can bs modified as follows:

'p("'e‘*Ts)"‘"Te‘*Ta"zﬂe"1"‘“Te’*73‘7e)’

? .
(2917 r(nT+kTg-2T,) ;  k=0,1,...,N,-]
n=0,1,2,... . (14)

The above equation indicates the time domain opegation required for
extracting the complex conjugate pole pair ‘z,.z ). r (t) is the
residual or "filtered" waveform after (z,,2,) ha beenPextracted.
The choice of the proper value of T in Equation (14) is extremely
important and the implications of this choice will be discussed
later in this chapter.

It is essential to observe that the extraction of a pole pair
requires only the knowledge of the pole pair itself and not any
information about its residue. This is of great advantage since
the values of the residues are, of course, excitation dependent.
From Equation (14) it is noted that the calculation of one point
of r (t) requires three points of the discrete original waveform,
The Bresent point and two previous points spaced at intervals of
T (or N.T,). This indicates that the first 2N_ points of the fil-
téred wiv form, r_(t), cannat be evaluated. 18 our computer imple-
mentation of Equa?ion (14) these points were conveniently set equal
to zero.

10
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The method for implementing Equation (14) by a digital computer
is shown in Figure 3. As seen Equation (14) can be very easily
programmed by a field microprocessor for real time calculations
hy simple appropriate shifts and additions. ;

e _-;Ti_wﬂ_.J ;,,L_'re ; ; 7' 5

SAMPLES OF THE ORIGINAL WAVEFORM

SAMPLES OF THE FILTERED WAVEFORM

— i) —————

Figure 3. Computer implementation of Equation (14).

An application of Equation (14) on a theoretical waveform
is shown in Figure 4, The original waveform (dotted line) is com-
noseg of two exponentially decaying sSnusoid; with polgs at
+S17-3, Meganepers/sec ¢ j2nx15 Megarad/sec and S .s =-6, Mega-
n&pe}s/sec ¢ J27x20 Megarad/sec and residues at 2. 0 + 50 0 for
both pole pairs Its representation in time domain is

-6x10%nT -3xlo°nrB

r(nTB) = ¢ Bcos(?ulelOGnTB)oe cos(zﬂxzox!OSnTa).

It consists of 256 points with T.=200/255 nsec. The solid line

is the result when the pole at lg MHz is extracted. As seen, it

is a decaying sinusoid corresponding to the s pole afr (20 MHz2).

The pole extraction interval is indicated to IOT ? -IO) Observe
the early portion of the filtered waveform which is s equal to
zero as was discussed previously. This time interval is measured

to be 2075. corresponding to 15.7 nsec.

ii indicates the presence of complex conjugate poles.
n
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il v noted here that all subsequent waveforms, measured or
theoretical, will consist of 256 time points.

A situation of importance occurs when the signal assocfated
with one of the pole pairs is time delayed. This is usually the
case for echoes from deep tunnels, Then, the arrival time of the
tunnel response occurs after various forms of clutter, including
direct coupling between transmit and receive antennas. In this
case when the antenna pole pair is extracted, there will be an error
region of time length 2N TB’ corresponding to the initial portion
of the delayed part of the“echo from the tunnel. An example of
such a sftuation is shown in Figure 5.

- Generalization of the Pole Extraction Process
to Several Poles

The application of Equation (14) can extract only one complex
conjugate pole pair at a time. A similar aprroach to the derivation
of Equation (14) can be used for deriving difference equations to
extract concurrently several poles. The resulting equations will
Just be stated.

The difference equation for concurrent extraction of two complex
conjugate pole pairs (4 poles) or less can be shown to be given
by

rp(nTeOkTB)tr(nTeokTa)-C]r(nTe0kTB-Te)4c2r(nTQOkTe-2Te)

-c3r(nTekaB-JTe)*cdr(nTeOkTB-dTe); k-O.l.....Ne-l
% 3'0.1.2...-
(15)

where r_(t), r(t), Nos T and T, are as defined previously, and
the coepficients are cal?ulatedato be:

C' e 2[“@(2])‘Re(22)l

¢, = |2y1%+]2,]%+4Re(z,)Re(2,)

2 1 2 1 2

2112,|%Re(25)+|2,| PRe(z,))

1 W

la
9
"
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(zy,2y) and (z,,2,) are the J-domain representation of the complex
cnlju&ate pole paqrs to be extracted. Since four poles are extracted,
it is seen from Equation (15) that the calculation of a single point
of the filtered waveform requires four previous points of the original
waveform and its present point. Therefore, the filtered waveform
cannot be calculated in an initial time wondow equal tec 47 _ by this
difference equation when two complex conjugate pole pairs Sre ex-
tracted concurrently,

The difference equation for extracting three complex conjugate
pole pairs (6 poles) or less is

rp(nfeﬂtfa) 'r(nTe"kTB)-CrI’(nTe*kTB~Te)*Czr(nTe*kTB-ZTe)

~C3r(nT +kTg=3T ) 4cyr(nT +kTp-4T )

‘CST‘(nTe‘kTB-STe)’Csl‘(ﬂTe‘kTa-ﬁTe); k.o' ] g .,Ne-]

o). 1.2, s s

(16)
The coefficients, Cyio of the above equation are given as follows:

O
—
L)

2[Re(z))+Re(2,) +Re) 2,

¢p = 1217412, % 23] +8Re(2))Re(z,) s4Re( 2, )Re(z;) 44Re(z, R, 25)

(1, 12 2 2
2LJZ‘| Re(z,+24)4]2,| Re(z,+24)+|2,4] Re(z,+2,)+
Rez))Re(z,)Re(z,)]

TS R - »
g " |l,l llzl ‘Il,l |13|20l22| Izjlzoﬂz,' Re(zz)Re(za)q»
4|12|2R€(l,)Re(23)’4|z3|2Re(z,)Re(22)

¢ * 2[1f‘|2|z2|2R¢(23)0lz3[2|z]|2Re(zz)¢|zzlzlz3|2Re(z‘§]
¢6 = 1211%12,1% 1242
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where (27,2}), (22,2p) and (13.23) are the pole pairs to be extracted, _
[t is seen, that ghe coefficients of the difference equation increase §
to the number of poles extracted concurrently. In addition, the ‘
number of previous points required for calculation of a single point §
1s also equal to the number of extracted poles. This necessitates

the expansion of the error region of the filtered waveform, equal

tom T . when m complex poles are extracted concurrently. Larger time
windbw of the Sriginal waveform are then required or smaller Te

if we are to use r (t) in subsequent processings. This problem

can be alleviated By use of the Reconstruction Process discussed
in the next chapter,

The computer subroutine given in Appendix C implements Equation
(16). An application of Equation (16) is presented in Figure 6.
The results were produced by the main program given in Appendix
B which also uses the pole extraction subroutine. The dotted line
in Figure 6 is a theoretical waveforp composed of three complex
conjugate pole pgirs located at s,,s;=-6. Meganepers/sec + j2nx50,
Megagad/sec, sps,=-6. Meganepers/sec + j2wx40. Megarad/sec,
$3.53°-6. Meganepers/sec + j2nx20, Megarad/sec, with respective
residues at 1.4j0., 1.4j0 and 2.+j0. The solid line is the result
after the extraction of (sy,s;) and (5p,5p). It is gimply an ex-
ponentially decaying sinusoid corresponding to (s3,s3). The coef-
ficients are calculated to be:

¢y = 2.467691
¢, = 3.426065
: ¢y = 2.376516
cq = 92747

for N,=4. Note that the error region is equal to ANETB-IZ.SS nsec.

any number of poles, m_. The §-transform representation of the
filtered waveform aftef the ex action of Mo poles can be given
as

A generalized differenceéfquation can be found for extracting
r

e
Ro(2) = R(2) T (-z2™h) (17)
i1

where z. represents the extracted pole. If z. is complex, then
the pro&uct must also include its complex conjugate when working

16
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with real waveforms. Expanding the product of Equation (17) [24) = j
and transforming to the time domain we obtain the following general -
pole extraction difference equation:

e
2 ‘3
rp(nTeokTB):r(nteokTB)o(-]) l§“ ztlr(nYetkTB-Te)

2, 2, r(nT _#kT,-2T )
1 'Y e "B "¢

3 me e e
(-1 ¥ y z r(nTeokT

I ¥ -3T7 )
O 4yt .

(-1)i ) 2, B evslly F{NT NT.<1T.)
Kpolgnsscalys B Apag s g THCR

llflzﬁ...fli

2o Ko sonly TEAU TN T )2
. P, i e B ee
110'-20'-'0'1";] 1 2 me
t,ﬁt?#...ﬁtm

e

k=0,1,2,... N -1

n=0,1,2,... (18)*

?}he -transform representation of this equation also appears in

ChapY¥er 1V of Chan 7!,
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[he reader can easaly varity that tquation (18) can be readily reduced
to fquations (14), (15) or (16).

D. Effects of the Pole Extraction Process
on the Waveform Associated With the
Remaining PoTes

We now turn our attention to another important parameter
of the pole extraction process, its sampling interval, T_ . When
fquation (18) is used to extract the desired poles then fhe residues
associated with the remainger of the waveform are changed in both
magnitude and phase. These modifications will be shown to be a
main function of T_ and also the natural resonances. To acquire
a feeling for thes® effects we refgr to Figures 7 and 8. The original
waveform is composed of poles sy,5)=-6, Meganepers/sec + jcnxl5,
Megarad/sec and 5945 =-6. Meganepers/sec g‘Jan20.Megarad/sec with
residues of 2.+j0. ?n both figures (s .s,) is extracted. The
extraction interval of Figure 7 is STBITB-500/255 nsec) and that
of Figure 8 is 9Tg. The filtered waveform is characterized by
the pole pair (s,,s5,), but its magnitude and phase is different
for each extract%on‘interva!. In fact, none of these results corres-
pond to the proper :esidue of the original signal associated with
the pole pair (52~‘2) (its proper form is also shown for compgrison).
The case when the original waveform is composed of poles $1,51=-6.
Meganepers/sec ¢ j2ux30. Megarad/sec and s »S7=-6. Meganepers/sec
+j29x20. Megarad/sec with residues of 2.0J6.is shown in Fiqure 9.
fhe extraction interval is 5Tg (same as in Figure 7). As seen,
the residue of the remaining signal does not have the same amplitude
w phase as that of Fiqure 7, The measured amplitude and phase
fistortions are indicated on the respective figures.

In order to quantitatively present the effects of T  and the
extracted pole pairs on the remaining signal, a simple B-Sole pair
(complex conjugate) waveform of the form

0"y ,nTg
r(nTB)=2|A1|e cos(m‘nTaoo‘)ozlAzle cos(uznTB+u2)

(19)

is first studied. We will then generalize our results to include
additional poles. The 3-transfom of Equation (19) is

* L 3
A A A A
] ] 2 2
R(z) = o ¢ "y + o e 2 (20)
l-i:Ti] 1-2:1;7 1-2 112 l-iATiz

. * Ja 1 302
where $,,5, = 0y2dw), $5.5,%0,tduy, Ay=jAy|e * and A,=[Ale ©.

19
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The extraction of pole pair (z,.z') involves the multiplication
! of R(z) by Equation (10). Then, the trlnsform of the filtered waveform
E I is given by
T i Ry(2) = A(1-2712)) + AJ(1-22) + z
! A5 (1-2Re(z))2” "+ 2,1%27%) f
- ’ .
P @
1-2 z,
A,(1-2Re(zy)2" 4] 2,1%270)
f ? | 1
T (21)
‘-2 lz
Expanding the last term of the above equation, we have
A,(1-2Re(z,)2""+[2)%27%)
|
1-2 z,
?
i Ay 2 2 2%
—L— - Re(z)) —Ey— |2y —H— (22)
1-2 "2 1-27 "2 1-2 "2
- - 2 2 2
Performing long divisions, we find that
; 1 B .
- 2 2
: 2 2 2
1 - o e S (23)
% 1-2" 'z, (2,1 [2,]°(1-2" 2,)
and
-2 (55)° 2 (25)2
4 2 2 ‘l + 2 2‘
. ditvorer Sudever 4 v (24)

The expansion of the third term of Equatign (1) is similar to the
above, if A,, z, and z, are replaced by A,, 2, and z,, respectively.
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After substitution of the above expansions in Equation (21),

we can express Rp(z) as follows:

Rp(z) .
{- /Azz;'Azz2 2 Az(z;)z*A;(zz)z
i 2Re(A,)+2Re(z,) | 5 28 D [2,! el
i \ IIZ. 112|
L».. .
‘ - . !l]lz L
# 2,
r" -
&1 AZ 2 AZ 1
- 3 -
! T Ty
e hd 2
+ i‘?Re(ll) ’_—? + ll‘l I |‘- ‘- .T"
ih- z, 2, z 2,
8 A Ar(2,)2
. 2 z
| v |-Rme(zy) £ 0 1212 22 | —H (25)
E = |22| |22| -2z,
The first and second term of R (2z) in Equation (25) corresponds
to impulses at t=0 and t=T =N ? , respectively. As was indicated

previously, these points cSnnbt®be calculated by Equation (12).
Therefore, they will be discarded in the rest of our discusgion.
The third term corresponds to the original pole pair, (2 .12).

This is the desired result. The fourth and fifth terms gre distor-
tion terms and correspond to the variations on the magnitude and
phase of the residue for the signal associated with the remaining
pole pair. Therefore, R (2) can effective]y be written as the sum
of the original signal w?th poles at (zz.za) and the distortion

t:r?s. Note that these terms involve z) a d 2, which are functions
0
e.

In order to understand the effects of the distortion terms
let us proceed by first inyerting them into time domain., Thus,

24
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Distortion Terms =

Re(z)) 0,T, 2,(nT +kTy) e’E’z"‘Te"‘Ta’“’z""zTe]
——T-e e

2l

'20

: e‘JE“z‘"re"‘Ts)’“z“"zTe]}

N 209Te (N1 kTg) j{-uz(nT Tg)+0-20,T |

e~y
I;l

-JE,Z(nrems)mz-zwzve] k20,1, ... Nye]
¢ n0,1,... (26)

or
Distortion Terms =

(o]-oz)Te

Oz(nT +T,)
cos(w‘Te)c

-4|A2|e cosE}z(nTe0kTa)0°2-

2(0,-0,)T_ o,(nT +kT,)
OZIA?Ie Sl . gl W

cosf%%(nTe+kT8)00%-2ubTe];

k-O.l.....Ne-l
M0, 0 ee » RET)
For our waveforms, typical values of o d 0, are in order of
6 io‘q ns‘c

10" Nepers/sec, while those of T We can then
use the approximation

o7 9.X
ele'QZQ',. (28)

According to this approximation, r (t) (Equation (25)) can be ex-
pressed as follows:
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rp(nreokTB) B 2|A2|e cosE}z(nTe0kTB)¢aé]

(a'-uz)Te euz(n1e0kT8)

-4lA?|e c°‘(”17e)°°‘E§2("Te‘*Ts)*02'“ZT,

(0,-0,)7 a,(nT_+kT,)
02|A2|e | iy i e bl

cos[@z(nTe§kT8)+02-2w2T;] s
k-O.l.....Ne-l
0 i SRR (29)

After further manipulation, by using some of the cosine identities,
we arrive at the important result:

oz(nTe‘kTB-Te) -

rp(nTeOkTg)=4|A?|e cosi?z(nTeokTB)002-uzTe x

0,7~

¢ el s g g =

A o lcos(uzTe)-cos(w’Te)] S5 R O,I.....Ne 1
n=0,1,...

. (30)

We conclude that the signal associated with the remaining complex
conjugate pole pair will be shifted in phase by

'Bs'm?re'“Z"engzanNeTB(rad) (31)

or equivalently will be time increased by

fa
S

tS =?—'—rz~=NeT8’Te. (32)

It will also be amplitude distorted by a factor

o,7T
AF=2e ! e[&os(?!fzneTa)-cos(zﬂflneTBE] : (33)
26
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We observe that the time shift does not depend on the inter- |
acting pole pairs. It is equal to the extraction interval. Con- 1
verse { the amplitude factor does depend upon the frequencies of
the pole pairs and also T_. If it is negative, this is equivalent
to an additional phase sh¥ft of es--: or a time increase of

t, - 2}- . When sampling at the Nyquist rate (Equation (13)) of
2

f then 6_ is multiples of n. The amplitude factor (Equation (33))

l { ;' plotted in Figure 10 as a function of f,. It is interesting
T e
} 0’| = 0.
e f =45 MNHz
. Ng =4 .
_ T,.= 200/ 255 NSEC
N, =6 "
1 . / ~ A
! '/ : \ /
: N..a ."‘ \ ’
: S &
/——N.'IO /-’ e B '
7 / f
R A S S at e e
e eJO- / .qL’- t&t
UJth Y; {(MHZ)
L i S / b
.7 e - e o /
~.. " ’/

o v Ny rd

5
\.\\ ”/ \\\ / ‘1

Figure 10. Amplitude response of the pole extraction
process (Equation (33)) vs. frequency
(fz) of the remaining pole.

to note that the amplitude of the filtered waveform can increase
fourfold when WoN Tg=2nw and  w)N, Ts-(2n+l)t and conversely. But,
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4w seenin Fagure 10, it can also vanish to zero when w,N T8=2nu

and w N To=2kn. Therefore, we must always select a sampling interval
which does not bring us close to the zero crossings of the ampli-
tude response. In addition, when N_ is small, then the two cosine
terms approach 1, Thus, the amplitﬁde factor tends to zero. This

is the reason for performing the pole extraction process at a samp-
ling interval close to the Nyquist interval of the extracted pole
pair with the highest frequency (7).

It should be noted that Equation (30) is not valid when 2 =2,.
For this case fquation (20) must be modified to treat double po‘es.
It can be easily shown that when double poles are encountered, there
is no distortion. After extraction of one of the complex conjugate
pole pairs, the signal associated with the remaining single pole
pair is returned in its original form,

Furthermore, Equation (33) can be studied for the case when
the extracted pole pair is slightly different than its actual value
in the waveform, This is generally the case with measured waveforms.
i The poles calculated by Prony's method are an approximation of the
actual ones. The accuracy of the results depend on the noise and
clutter level present in the waveform [7,18). From Equation (33)
we observe that if the deviation in frequency is small there is
no great deterioration of the process. The cosine terms are almost
equal and the amplitude factor becomes negligible (Equation (30)
goes to zero). Any deviation in the real part of the pole pair
} is less critical (see Equation (28)). If it is large, then the
desired pole pair will not be extracted completely, but it will
be reduced in magnitude, as in the case of frequency deviation,
When the measured data are very noisy it would be helpful if the
poles are calculated again in order to evaluate the pole extraction
process. It might be necessary that the pole extraction process
be repeated again according to the new calculated poles.

In order to evaluate our results in Equations (32) and (33)
we can compare them with the measured ones in Figures 7, 8 and 9.
Referring to Figure 7 according to Equations (32) and (33) we have:

ts-9.8 nsec, AF=-.5]
or

ts-38.8 nsec, AF=.5)
Similarly, for Figures 8 and 9 we calculate;

ts=42.6 nsec, AF=_,92
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f§=9.8 nsec, AF=1.14,
respectively. As seen, Equations (32) and (33) perfectly predict
the time shift and amplitude distortions.

E. Correction Process Involving Interaction of
Two CompTex Conjugate Pole Pairs

The amplitude and phase distortions on the signal associated
with the remaining pole pair due to the pole extraction process
is an undesirable effect. We want to obtain the remaining portion
of the waveform in its original form. Otherwise, errors will occur
in the tunnel identification process to follow. It will be seen
in Chapters IV and V that if the resultant target response is not
properly time placed, then errors will occur when determining the
target's depth and position, Furthermore, amplitude distortions
could obviously diminish the original tunnel response.

It is essential, then, to correct for the amplitude and phase
distortions after the pole extraction process has been completed.
This is easily accomplished, using Equation (30), as follows:

rc(t) = rp(t*ts)/AF. (34)

where rc(t) is the corrected waveform,

The correction process of Equation (34) was applied to the
filtered waveforms in Figures 7, 8 and 9. The result [solid line)
after correction is shown in Figures 11, 12 and 13, respectively.
For comparison, the actugl form of the signal associated with the

original pole pair (s,,s,) is alsc plotted. As seen there is a perfect

match of the corrected ahd original signal associated with pole
pair (sz.sz).

The correction process will be incorporated in all subsequent
pole extractions. When we refer to filtered waveforms it is assumed
that correction has been already performed.

£ Correction Process Involving Multiple
{Comp Tex Coﬁ]ugafe! Pole Pairs

In the previous section we discussed the correction process
(Equation (3‘?) when two pole pairs (complex conjugate) were involved.
Obviously, measured waveforms will not necessarily consist of only
two pole pairs. Two questions can then be raised: How is the re-
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maining waveform effected when two or more pole pairs are extracted
concurrently, and, how do we account for the case of a remaining
signal associated with more than one pole pair?

The first question is easily answered by observing that each
extracted pole pair will affect the signal associated with each
remaining pole independently according to Equations (32) and (33).
Therefore, the correction process is performed by the application
of Equation (34) for each of the extracted pole pairs on the re-
maining. This type of multiple correction is included in the pole
extraction subroutine in Appendix C. An example of multiple pole
pair extraction and correction is shown in Figure 14, corresponding
to the uncorrected case gf Figure 6. The original signal associated
with the pole pair (52'52) is also plotted for comparison.

The second question can be difficult since the correction
process requires the separation of the signal associated with the
remaining waveform pole pairs. This case is not encountered in
tunnel identification, since the tunnel can be characterized by
a single pole pair. A method for performing such an operation is
diagrammed in Figure 15. We have an original waveform consisting
of pole pairs A, B, C and D. We wish to extract only A and B.

Pole pairs C and D are to remain. The pole extraction process takes
two directions in this case. In one direction the signal of pole

pair C is isolated and corrected appropriately, and in the other

the signal of pole pair D is treated likewise. The last step involves
the addition of the corrected signals with pole pairs C and D.

This approach is effective on a theoretical basis. The author has

not exploited the method when dealing with measured waveforms.
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Figure 15. Pole extraction and correction with multiple
extracted and remaining complex conjugate
pole pairs,

35




CHAPTER 111
THE RECONSTRUCTION PROCESS

A, Objectives

The objectives of this chapter are the following:

I. To discuss the problems associated with clutter and clipping
in the backscattered waveform from the tunnel,

2. To derive and discuss the proper application, and advan-
tages of the Reconstruction Process used for overcoming the clutter
problem. This involves a simple difference equation which uses
a portion of the late tunnel response to reconstruct its earlier
time portion. A criterfon for selecting this late portion of the
tunnel response is also presented, For the sake of completeness
the reconstruction process is generalized to reconstruct target
responses characterized with more than one pole pair.

3. To apply the reconstryction process on measured tunnel
responses. This is accomplished by first extracting the antenna
pole pair and possibly other false target resonances. The char-
acter of the residual signal after the pole extraction process is
classified and discussed for the correct and effective application
of the reconstruction process (Figure 17). It will be indicated
that the later time of the filtered waveform will contain the tunnel
response exclusively, except for clutter and noise., Therefore,
the portion of this, under a mean square error criterion, is chosen
for reconstructing the tunnel response. Thus, we obtain a “clutter
and noise free®™ tunnel response if we can indeed find such a window
in the late tunnel response. The reconstructed tunnel response
will be used later for estimating the tunnel depth.

B. The Clutter Problem

In the introduction it was noted that the early portion
of the backscattered echoes were dominated by clutter. This is
mainly due to ground reflections. Such clutter creates high voltage
peaks which were clipped before processing by the recording oscilo-
scope. Typical tunnel backscattered echoes are shown in Figure
16. These were obtained from the tunnel site to be discussed in
Chapter V. Their late time portion was found by Prony's method
to contain two natural resonances or pole pairs (complex conjugate),
one corresponding to the antenna and the other to the tunnel,
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(a) MAP 2, POS P: Q6

AR

(b) MAP 2, POS Q: 08

Figure 16. Examples of measured waveforms indicating
clutter and clipping effects.
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Jd\ (c) MAP 2, POS R: 10

TR

(d) MAP 2, POS S: 12
Figure 16. (Continued)
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Appearance of clutter in the early portion of the recorded
waveform disrupts useful information. The most important one is
the arrival time of the tunne) response. Knowledge of this is
essential since it will enable us to estimate the distance of the
tunnel‘s top from the antenna. Furthermore, maps constructed from
echoes of a set of measurements when the radar is plac:1 above the
tunnel become difficult to read and the region corresponding to
the tunne)l depth cannot be identified unless some previous knowledge
about the depth is given. Basically, clutter is an undesired effect
that contains no apparent useful data. In addition it disrupts
the good data to follow.

Stapp [22) and a group at GEO-CENTERS, INC. attempted to con-
struct maps without accounting for the clutter interference in the
recorded waveforms. Their maps are confused and do not clearly
contain the distinct tunnel behavior as a function of radar position
when the radar data are used to develop a map. It is quite difficult
to obtain precise information about the target using their
maps.

L Derivation of a Difference Equation for

Reconstructing the Farly Tunne] Response

A method is introduced here to overcome the clutter problem.
It is used in conjunction with the pole extraction process and it
will be referred to as Reconstruction Process. It is applied after
ALL undesired poles (mainly the antenna pole pair) have been extracted
from the original waveform. Thus, a "tunnel response alone* is ob-
tained. The reconstruction process assumes that any information
contained in the early portion of the recorded waveform cannot be
extracted. Therefore, it is discarded. [n consequence the late
tunnel response is used to reconstruct its early response based
on the knowledge of the tunnel pole pair as determined by Prony's
method. This is accomp)ished by applying a difference equation

to predict early points from later ones. The derivation of the
difference equation used for reconstruction will now follow:

Let us assume an original echo consisting of m_+2 complex

poles. The two correspond to the tunnel pole pair aﬁd the other

m_ are undesired. After their removal, the g?—transform of the
f¥itered waveform (it was noted at the end of the last chapter that
all filtered waveforms are assumed to be corrected according to
Equation (34). The reconstruction process has no usefulness unless
the filtered waveform is corrected before reconstruction) can be
expressed as

a°0a,z"

R.(2) = (35)
¥ l-2ﬂe(z,)z'1?|z,fzz:§
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where (z,.z;) is the remaining tunnel pole pair. Multiplying both
sides of Equation (35) by the denominator of the fraction on the
right hand side gives

- = o A
(]-ZRe(zl)z ‘lellzz Z)Rc(z) = 000012 ! . (36) Y
The right hand side of Equation (36) is a first degree polynomial f
i in 2°°, Thus it can be expressed as )
-1 2.-2
(1-2Re(z))z” '+|z,|“Z R (2)=A(2) . (37)

Transforming Equation (37) to a discrete time function, we obtain
rc(nTr0kTa) - ZRe(z,)rc(nTr0kT8~Tr)6

12017 (AT $kTg=2T) = ry(nT 4kTg) 5 k=0,1,...,N,-1,
n=0,1,... (38)

where ra(nr ) = é?"[A(z)]. Note that T_ again is not the basic

sampling interval of the original wavefoFm, TB. It is a multiple
of T,, 1.0,
8
-
~ LT . (39)

: The important observation to be made in Equation (38) is that:
ra(nT.)=0 forn>2 . (40)

4 Therefore,

ro(nT oKTg)-2Re(z)r (0T +kTg=T )+|2,1%r (nT +kTg-2T )=0;
ﬂ:z. k‘o“....." .‘ . (")

r

Rearranging the above equation, gives
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?Re(ll) 1
rc(nTrkaB-ﬂr): l—;—l?—“ rc("Tr'kTB'Tr)' '—z——l-z rc(nTrﬂ(TB);
1 1

n>2, k=0,),...,N.-1. (42)

This equation can predict an early point based on the knowledge

of two later points and the (tunnel) pole pair associated with the
portion of the waveform to be reconstructed. The equation is only
good when applied in the region where the tunnel pole pair is cor-
rectly described. Therefore, it is true for the region

T, > toemN Toe2T (43)

where t represents the starting time of the portion of the waveform
associated with the desired target, i.e., the tunnel as shall be
discussed later in detail. As before N T, is the extraction interval
used when extracting the m_ undesired CSMB!ex poles. The term

m "e78 accounts for the erSor region due to clutter and clipping.
Tﬁese points are better illustrated in Figure 17. There, the antenna
pole pair [-27. Meganepers/sec + j2wx45.5 Megarad/sec] of the echo in
Figure 16(b) is extracted. The respective regions are indicated on
the graph. The late portion of the filtered waveform contains the
scattered field from the target (tunnel) almost exclusively. There
are, of course, other signals that could be present, caused by clutter
and other scatterers if their resonances are within the radar band-
width., In this case the poles of these scatterers (false targets)
must be removed by the extraction process as was done with the antenna
pole pair for obtaining the target response exclusively,

Note that in Equation (42) newly generated sample points can
be used for reconstructing earlier ones. Therefore, only an initial
"errorless” time window of length 2N T, is needed for the recon-
struction process to begin. In prac[i e (see Figure 17) we actually
never encounter an "errorless” time window., For this case we strive
to choose the window that best describes the tunnel pole pair calcu-
lated by Prony's method. This is the subject of the next section.
The implementation of Equation (42) is similar to that shown in
Figure 3, except that reconstructed samples are used for the region
out of the chosen initial time window.

Furthermore, it is essential to realize that Equation (42)
does not assume the presence of any dc term in the filtered waveform.
It is imperative then that any dc is removed before the process
is applied.
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D. Error Criterion for Selecting the
Base Time Window

The problem to be encountered now is the selection of the
initial (base) time window to be used for reconstruction. The
criterion for such a decision was chosen so that the first recon- :
structed points must best fit the filtered waveform. In this case ;
the reconstruction process is appliied by using different base windows. |
Actually, the portion of the filtered waveform beyond the clutter |
region is scanned by shifting the base window from right to left
by TB' For each base window used, an error, e_., is calculated as

256N,

C

A "

!r (iTB)-rr(vTBq 2
i=287-N_-k*
PR s SRR s (a8)

. k

where r (iTB) is the filtered waveform, r_(iT,) is the reconstructed
waveforh, N° is the reconstruction startiﬁg int, counted from

the end of fhe waveform, and k is the number of first reconstructed
points that e. will be based upon. The waveforms are assumed to

be 256 points long. As seen, e_ is an average square error between
the filtered and reconstructed waveforms. When scanning is com-
pleted, the window with the smallest e_ is chosen as the base for
reconstruction. Other error criteria are possible. This criterion
will be used for selecting the proper or best base window to predict
the early target response. Experience has proven it to be effective.
It should be understood that the reconstructed tunnel response s
only true up to the arrival time of the actual tunnel response.

The reconstructed section previous to this time is just ficticious,
but it will be found important for evaluating more precisely the
distance to the target. A theoretical study in the next chapter
demonstrates that the first zero crossin? of the reconstructed
waveform after its deviation from the filtered corresponds well

to the target (tunnel) - antenna distance.

Es A Discussion on the Reconstruction [nterval, T

v

Another important aspect to be examined is the reconstruction
interval. It must always satisfy the Nyquist criterion for the
tunnel pole pair. to be reconstructed. It does not play as important
a role as the pole extraction interval. T_ should never be too
small, for example equal to T,. Then, the process may fail. It
will attempt to reconstruct ndise since it is within its frequency
band. An example is shown in Figure 18. Here the filtered waveform
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in Figure 17 is reconstructed after bandpass filtering through a
trapezoidal filter with corners at 5,100 and 175 MHz. This filtering
removed any dc term and high frequency components. The chosen Tr

was small (4T8) as compared to the tunnel pole pair
(-38.Meganepers/sec + j2wx19.37 Megarad/sec] Nyquist interval. It

is seen that some noise is carried along in the reconstructed section.

A reconstruction interval close to that required by the Nyquist
criterion for the tunnel natural resonance is usually best. But
this may require a long base window. Such a window, within which
the tunnel pole pair is described correctly, is usually not available.
For example, a pole pair at 20 MHz has a Nyquist interval of 257
(Tg=200/255 nsec). A base window of about 50Tg would then be negded.
It was fuund, the interval used by Prony's metgod for calculating
the natural resonances (poles) works well for the pole extraction
and reconstruction processes. This interval was used for recon-
structing the filtered waveform in Figure 17. The result is shown
in Figure 19. Comparing Figures 18 and 19 we see that use of a
larger reconstruction interval (N.=9) reduces the reconstruction
of noise. Therefore, T. can be eFfectively used for filtering out
undesired high frequency components.

The reconstructed waveforms are calculated by the computer |
subroutine given in Appendix D. Another example of the process ‘
is shown in Figure 20. The filtered waveform is the result after
the extraction of the antenna pole pair [-43.6 Meganepers/sec
+ j27x69.0 Megarad/sec) of the echo in Figure 16(c). It was also
filtered by the trapezoidal filter discussed previously. The re-
constructed tunnel pole pair was located at [-42.6 Meganepers/sec
¢ j2mx21.9 Megarad/sed.

F. Generalization of the Reconstruction Process

The reconstruction process as given in Equation (42) can only
reconstruct one pole pair. The antenna pole pair and all false
target resonances must first be extracted before its application.
Therefore, Equation (42) can only be used to reconstruct a target
response consisting of only ane natural resonance (tunnel). Most
targets are characterized by more than one pole pair. For the sake
of completeness we will just derive the difference equation used
for reconstructing target responses containing more than one
resonance.

Let us, for example assume a target response characterized
by two pole pairs (complex conjugate). After the removal of the
antenna pole pair and other false target resonances from its back-
scattered response then we wish to reconstruct the early tarzet
response for determining its depth. In this case Equgtion (42)
must be modified to reconstruct two pole pairs, (z,.z ) and (z2,,2,).
This can be accomplished in a similar way to that useA for der;vig
Equation (42).
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The é?-transform of the filtered waveform (in its late portion)
can be givén as
3
i -J
B

2] » (45)
: (=22 (-2 T2 (-2 T2,) (1227 2y)

where (2 ) and (2 ) are the target pole pairs. After expansion
of the dina*tna!or aﬁd gome manipulation we obtain,

(1-cy2”"ecp272ucqz e 2 IR (2)-A(2) (46)

where the constants Cys Co4 €3 and Cq are the same as those in
fquation (15). :

Following the same reasoning used for deriving Equation (42)
we can finally arrive at

r((nYrokT -QYr) e circ(nTrOKTB-JTr)-

8

cérc{nYr‘kTB-?Tr)0circ(nTrORTB-Yr)-cérc(nYrOkTe) »

nT >t sm N T #4T |,  k=0,1,...,N -]
r~"c e r r

e B
e, 1. .. (47)
where
! 4 o 3
C."".C""“,C"“‘".C"'—‘
0 C, I Ca 2 Ca 3 Ca

and all other parameters are as defined previously (see Equation
(43)).

A generalized reconstryction process analogous to fquation
{18} (the generalized pole extraction process) can also be derived.
If a target is characterized by m_ single complex poles, then the
filtered waveform obtained after (he extraction of the antenna or
other false target resonances can be generally expressed as




e I TR TR
—

= Re(2) = 2 —- (48)

where z, represents the target (single) complex poles.

According to the previously outlined procedure, after manipu-

lating Equation (48) we can arrive at the following generalized
reconstruction process:

: m.

]

Sical (-1
-rc(nYrOkTB-err) E;— rc(nTrOkTB) + o

r r l]

m m
2 r r
"
R Lc:L y Z zl‘zlzr(nTrOkTa-ZTr)

zl‘r(nTefkTa-Tr)
=]

! r l‘-l lznl
ht,
i %g
-1
. 13;1— 2; 111212...ztir(nTr0kTB-iTr)
r L, K,...0
1 ’ i
1]'5'-.-’1‘
' -r-l nr
&8 g Xp ool r(nT _+kTo-(m -1)T.);
Cm 2: LG m - (AT 4k Tg-(m-1)T,)

S L
Sl SRR L

ATt oM N Toem T, k=0, 1,... N -]
n=0,1,... (49)
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where KH
m
C. - Z 11‘20?213...1". . d

r
l|.'~2‘..-'2mr o

r

-—

Also, note again that in the above equation m_ does not represent
the target's complex conjugate pole pairs but just its single poles
which are twice in number than the complex conjugate pole pairs.

As a check one can easily derive Equations (42) and (47) from
the generalized fquation (49). It should be understood that con-
current reconstruction of a large number of poles is impractical
since it requires a large base window for the process to begin,
Also, note that any dc term must be removed before applying Equation
(49).

G, Assets of the Reconstruction Process

The reconstruction process is an important part of the tunne)
identification. It accomplishes three tasks:

1. The clutter problem is solved as long as it appears in
the early portion of the echo (it usually is). Exact knowledge
of the tunnel response is not needed. Only a small window with
fair accuracy is required so the true tunnel response can be fsolated.
The reconstruction process will predict the rest of the waveform
based on this window.

2. Most of the times the later portion of the received echo
1s not noise or clutter free. Based on the error criterion in
fquation (44) the reconstruction process can detect the window which
best describes the tunnel pole pair. Consequently, a more accurate
early time response can be derived. fquation (84) is minimized
when uniformity occurs in the base window. If noise or clutter
is present in the base window under testing the predictability of
the reconstruction process is disrupted. This causey an error in-
crease, Note, also, that use of the error criterion satisfies
fquation (43).

3. In the next chapter it will be demonstrated that the re-
constructed waveform can play a very important role in the identi-
fication process. A comparison of the filtered and reconstructed
waveforms can give us a very good estimate of the tunnel's response
arrival time, Thus, its distance from the antenna can be estimated.
In turn, mapping can present a complete picture of the tunnel's
depth, structure and relative position,
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In the next chapter a simple experimental mode! of the Radar-
Tunnel Structure is examined. The study uses the pole extraction
and reconstruction processes in order to extract information from
the theoretical echoes and determine the limitations involved.
In Chapter V the results of the mode! are used and a study on measured
echoes is pursued.
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CHAPTER 1V ,

STUDY OF A SIMPLE TRANSMISSION LINE MODEL OF AN ’
UNDERGROUND RADAR-TUNNEL STRUCTURE 4

|

A, Objectives ]

The goals of this chapter are the following:

1. To present a physical and mathematical study of a trans-
mission line model which approximates the actual tunnel scattering
behavior,

2. To relate the mode] to the actual radar-tunnel structure
and derive methods to extract information from the theoretical
echoes. These methods can then be used when dealing with measured
echoes.

3. To demonstrate the role and significance of the pole
extraction and reconstruction processes to be used in the identi-
fication process.

B. The Model

We are attempting to construct an experimental model of the
Radar-Tunnel structure to study and extract information from the
received backscattered echoes. This will help us to analyze the
measured responses,

The input to the antenna must, of course, have a wide spectrum
to ensure excitation of the tunnel's natural resonances, It is
unfortunate though, that this is not easily achieved since the dipole
antenna 15 in itself a resonant structure. [f the input has a wide
spectrum, say a qaussian pulse, the antenna will act as a filter,

For excitation the tunnel's natural resonance must occur close to
the antenna's resonance.

Since the target and the antenna are both resonant structures,
they can be modeled as low-0 ana’og filters. Such can be a simple
RLC circuit shown in Figure 21. The impedance, 7, of the network
is given by

s?/C .

2(s=jw) = S e
s“es/RC+1/LE

(50)
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Figure 21. Simple RLC network,

The poles of 7 are located at

$,8 = - ?&C ¢ jl%t - (?&t)2 (rad) . (s1)

The theoretical model can then be constructed of two RLC net-
works separated by a lossy transmission line of characteristic
impedance 7 (). The transmission line {s introduced to simulate
ground medium to some degree.

The input to the system will be a gaussian pulse generator

(wide spectrum) of internal resistance Rs as shown in Figure 22.

o e LSy
:‘ 8¢ | 0.
| PV, —¢
| B g d g
| |
|@ :rz. l—" Zy
' |
[ : Zo
I | L
' | A\
e |

Y _GAUSSIAN PULSE
GENERATOR

Figure 22. Transmission 1ine model.
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'mnedances 7, and 2, of the model represent the antenna and target
(tunnel), respectivlly. They are of the form of Fiqure 22. 1
will consist of resistance, R,, capacitance, C,, and inductance,
Las Similar definitions will stand for Rys Cr and Ly of ZT‘

Before proceeding to the mathematical analysis of the model,

let us first give it a physica! interpretation. For convenience
the model is redrawn as in Figure 23,

V, (1)
e

)
LYY
] b
I~ N A~
2 L5
e d o c
- . -~
(49

Figure 23. Transmission line model indicating
wave propagation,

The output V_(s=ju) in Figure 23 will represent the response
of the system, A Saussian pulse is used as a source at t=0,

2y/¢?
(A gaussian pulse is definad as g(t) = e'(S‘St ) P, where t_ is its
time width,) At t=0 , a voltage appears at R_ and also acrogs ZA.(a).
This is shown in Figure 24 where the forced rasponse and natural
response of the circuit are illustrated. The transmission line
is also excited and a waveform similar to Figure 24 propagates toward
ly. As it reaches the end of the transmission line, 2, is excited
a*d a reflected wave, (c), is now launched back toward the generator.
[t contains resonances associated with both 7, and Z,. This reflected
waveform reaches 7,, and creates an output vo’taqe (; (s)), (e).
If the paralle) combination of R_ and 7, i not match@d to 7_, then
a portion of it is also reflected back Qouard l¢+, and the pr8cess
continues. A long time waveform is shown in Figure 25. MHere, we
will study the general case in which the parallel combination of
R_and 7, is not matched to Z_, and discuss its limitations as the
tPansmisdion 1ine becomes shoft.
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Our goal is to isolate the resonances associated with ZT and
to evaluate the length of the transmission line. The procedures
introduced in the first three chapters are applied to isolate the
desired parameters,

Since we already know them precisely, we can then better
understand the limitation of our techniques when applied to unknown
systems, such as a tunnel. Observe that the data will be corrupted
by the presence of whatever parameters are used. One set of
parameters is studied here in detail, but results for various other
parameters are given in Appendix E.

G Mathematical Analysis of the Model

A quantitative description of the transmission )ine mode)
will now follow.

The method of analysis pursued in this study involves trans-
forming the gaussian pulse (generator output) to the frequency domain,
evaluating vo(JW) and then inverse transforming it to the time domain,
(v (t)).

0

Two approaches will be used and compared for calculating the
system's response of Figure 23. The first follows the actual physical
multiple reflection process just described and transforms the desired
voltage to time domain after each reflection. The second obtains
the compiete solution in the frequency domain and transforms the
total voltage to time domain, The approaches are equivalent and
both are used here to ensure that no computational errors are
qenerated.,

Defining the input as a gaussian pulse of spectrum G(s=jw),
the propagation constant as y=a+jf, and reflection and transmission
coefficients as

2
A
0 (s) * zrfr (52a)

-

La L
As “o

nA(S) = 1;::{“) (52h)
2 ¢

QW(s) * vy (52¢)

As “o
ZT-ZO

Ap(s) = l;:z—— (524)
o .
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wher2

and

S
As Rs'zA

the voltage at the indicated points in Figure 23 can be expressed
as follows:

Vd(s) = G(s) 1v(s) (53a)
vb(s) = G(s) 1v(s) (53b)
V (s) = 6(s) t,(s) py(s) e° (53c)
V.(s) = 6(s) 1.(s) py(s) e2Yd (534)
d v Pr

Va(s) = 6(S) 1,(s) py(s) () e 2¥ (53e)

VY (s) is the first echo seen across ZA‘ Consequently, the first
ofho across Rs can be expressed as

V() - G(s)-V,(s) = - V(s). (54)

It appears after a time delay of

¢« 29
Tm(y)
or
t = 2450 = 6.667 dc u_ (nsec) (55)

for lossless media. d is in meters, and ¢ and u,. are the relative
permittivity and permeability of the medium,respettively.
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The second echo across R_ will be delayed by 13.333 dv’crur
nsec. According to the above inalysis it is given by

Cng®) = [1108) erts) (s € 63 (56)

The continuous time voltage seen across Rg is the sum of all
the echoes, i.e.,

vo(s) = v]st(S) + vznd(s) - v3rd(s) R T (87)

In obtaining the frequency response of V_(jw) we substitute
for Z6 and ZT in Equations (52). After some s?mple manipulation
we have:

s/CARs
o B T | B DGV % DRI A (58a)
| i i o

|

l)A($) )‘ (Ssb)

tp(s) = = — (58¢)

The poles of tv(s). oA(s) and v:(s) are located at

2
S lOs.l s l + I ' - ] ) 59
g LHARRN o (“ACA -
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vher e

Yl 0‘0‘
R LK

and the poles of pr(s) at

3 2 v
; . ] 1 1
Su:sl" ‘ij '( (60)
et ¢4y - ()
where i
L TR e Wy t
SRR A - ]

The imaginary parts of Equations (59) and (60) correspond
to the complex resonances of the coefficients of Equations (52).

Furthermore, if

e, e e

& ! ( ! )? and —, ( ‘)2 (61)
P R H 00 T\

then the complex resonances of the coefficients will be approximately

equal to the naiural resonances of 7, and 2., as defined in Equation

{(51). If Equation (61) is not satis’ied thln the resonances of

the coefficients will deviate from the actual ones of the target

or the antenna, and the target structure can not be determined

correctly according to the relationships given later. In all our

studies we will always attempt to satisfy Equation (61). (3

According to the above discussion the first echo, V_ , (s),

has double pole pair at (s ..S..) and single pole pair at (sr..s;)
Consequently, V "d(s) is characterized with triple pole pair at

(s ..s;.) and dsuble at (s ..s'.). The poles of the subseguent
ec“oes can be determined iI a Iiuilar way.

The above analysis of the transmission line model can serve
the purpose of a good understanding of the response, but it becomes
difficult to implement for a computer analysis.
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A more concise method of looking at the transmission line
is to represent an equivalent impedance of Z, at the input terminals
of the line. According to the wave equationl governing the trans-
mission line, the equivalent impedance of ZT (Figure 22) at the
input terminals is given [27] by

ZOOZTtanh(yd)
zTeq i T‘—T*Zotm(;d_y . (62)
Representing the parallel combination of zTeq and 7, as

' (63)

then vo(s) can be expressed as

R 2
in
Vols) * v * - T - (64)
9 in 3 s’zin

The above expression is equivalent to that given in Equation (57).

0. Testing of the Model

Equation (64) was used for implementation of a computer model
for the transmission line, given in Appendix E. The characteristic
impedance of the line in the computer mode! was defined as

r":jui} ;b-
% ol )

and the propagation constant as

ré Junp b,

v oo —t2 (66)

0

The parameters r and 0 represent the series and shunt losses per
unit length of the line, while u u_ and €.€ correspond to the
inductance and capacitance, repsSc?ively, r unit length of the
line,
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It was necessary to introduce some loss in the line (complex y)
in order for v_(t) (the inverse Fourier transform of vo(Jw)) to
be completely Jiminished within the chosen time window® T. Afinite
time window is a limitation of the Fast Fourier Transform used for
time inversion of the 8192-point, complex, discrete array, V_(ju).
This array was produced by an incremental frequency interval equal
to

2n
Ao ® v (rad). (67)
w
The above matters should be carefully arranged for the successfulness
of the computer model,
Furthermore, for simplicity, Zo was kept real by defining

roas

5 (68)

The output voltage shown in Figure 25 was calculated by the
computer model in Appendix E. The input was a 6 nsec gaussian pulse,
The pole pair of IA was placed at

SA.S; = - 20x10% nepers/sec M j?leOx!06 rad/sec
and that of Z, at
» 6 4 6
i D 10x107 nepers/sec + §2xx40x10" rad/sec

Other parameters as indicated in Figure 25 are

-12

RA = 2500 €, * 8.8456x10 Farads/meter
Ry = 5000 by * 1.256x10°% Henrys/meter
2, = 3 o = 5x10°% wmeter
R, = 3770 ¢ = 1.
d = 30 meters b ® ; ¥
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Note *hat 4 was chosen long enough so that there would be no overlap
of the echoes. The pole pair of 2, was selected with respect to
that of 7, so that the maximum response of 7. alone in the frequency
domain woﬁld occur at the frequency where thL response from ZA
(alone) would decay to i1ts half power value.

As mentioned in Chapter |, we are interested in determining
the structure of the tunnel (target) by examining the received voltage.
The natural resonance of the tunnel (imaginary of s.) will determine
its structure. The peak response from the tunnel olcurs when the
reflection from the front and back interfaces are in phase. To
a first order approximation, neglecting caustics, this occurs for

NH L 5 (69‘)
where H is the tunnel height, Assuming the velocity of the wave
in the tunnel to be that of free space, Equation (69a) gives

¢
S - (69b)

where f . 15 a comparable first order resonance corresponding to
the heidht of the tunnel,

L
[ts depth, d, can be determined by the arrival time, Ta' of the
first echo as follows:
Ta(nsec)
d *» ——eee—  (meters). (70)
6.667 ¢y

From the above discussion it is instructive to use the first
echo for analysis, since this is the simplest response containing
information about 7.. The time expanded first echo of Figure 25
is shown in Figure 56(0). For comparison, the first echo as calculated

by fquation (54) is also shown in Figure 26(b). Note that it is
identical to that in Figure 26(a). The poles of this echo were
found by Prony's method to be located at
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Figure 26. First Echo of Figure 25 (d=30m.).
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Ay,

p‘.p: = - 48,5205 Megangpers/sec + i7-xA7 9588 Megarad/sec

PpiPy = - 42.09545 Meganepers/sec + §27x50,62961 Megarad/sec
D,.P; * - 23.23658 Meqanepers/sec + i?7x20,83028 Megarad/sec
with respective residues of

R RS+ (2.866151 + j2.846461)x10™°
s Bl -

R R = (-2.354673 + §3.490129)x107°

Ry Ao = (-.4535518 + §.07051006)x10°% .
1 L]

[The residues when calculated by Prony's method, do not have any
absolute, but only relative meaning, since they depend on the
starting point of the window used by Prony's method for findin?
the poles.) If Equations (52) are used for calculating the poles
of V'“(s), we obtain

9|,p‘; * - 46.525 Meganepers/sec ¢ §27x49.55) Megarad/sec
P3.0'5 = - 46.525 Meqanepers/sec + §2rxd9.551 Megarad/sec
PJ.p'y = - 23.263 Meganepers/sec ¢ §2nx39.861 Megarad/sec

These results agree very well with the ones generated by Prony's
method. Note that the tunnel height corresponding to a 39.83 MMz
resonance is found to be

B #1883 B

H =
4x39.83x10°

6o




The arrival time in this case is easily detected to be
Yd « 6.667(30) = 200 nsec
since the output data were produced from a theoretical model.

£. Use of the Reconstruction Process to Estimate
the Arrival Yime of the Target Response

It was noted previously that in general when actual echoes
are encountered the early portion of the echo is dominated by clutter,
Thus, we will attempt to describe a more clutter immune method for
calculating the arrival time of the target response.

Employing the pole extraction process, the antenna double
pole was extracted from the response of Figure 26. The result is

shown in Figure 27. Note the peaking at the beginning of the re- )

sultant waveform., This is because the forced response ¢ not be

characterized with a set of poles. The rest of the filt weform

contains only the pole pair of Iy (corrected), (93,p3). r
After removing the dc component of the target respor - [rigure

27), we can then reconstruct its early portion based on it late ¢

response, as shown in Figure 28. Concentrating in the interval

of 19-37 nsec we observe that in this time span the reconstructed
waveform deviates drastically from the course of the filtered wave-
form. The first zero crossing of the reconstructed portion after
its deviation from the filtered waveform corresponds to the tail
end of the forced response (see Figure 26). This phenomenon was
tested for many Such responses in order to examine its validity
(see Appendix E). It was found to be the same in every case that

was studied. From Figure 28 the target's depth can be calculated
as

-
RS T T §9237 = 30 meters, (7n)

6.667 Jcrur i

where t {5 the gaussian pulse width in nsec and T_ is the time in nsec
correspﬂnding to the first zero crossing of the regonstructed wave-
form after its deviation. (Note that the origin of Figure 28 cor-
responds to 180 nsec, see Figure 26.)

The previously studied response was obtained with a long trans-
mission line (i), The echoes then did not overlap. We can now
shorten the line in order to determine if it is still possible to
detect the target. By shortening the line, there will be overlap
of the echoes and probably the antenna response, V_(s) (Equation
(53a)). We will neglect the antenna response sinc® for the parameters
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chosen it would be neqligible by the arrival of the first echo.
If it did not, then an increased residue of the antenna pole pair
would have to be encountered in the first echo.

e 1= S
'

‘ Using the same parameters as those for d=30m. on page 65,
i the first echo response for depths 20, 18, 15 and 10 meters are
! shown in Figures 29, 30, 31 and 32 (dotted lines), respectively.

: Note the window in each waveform containing the first echo only.
This window was used by Prony's method for calculating the poles
of the first echo (sampling interval is T,=6000/8191 nsec). We
could not use the total window shown in tne figures since Prony's
method assumes that the response associated with all the poles in
the region being sampled has been introduced pior to the original
sample,

For example, let us randomly select a time window out of the
total span of the waveform and use Prony's method to find its poles.
In this time window there could be a superposition of two or more
echoes. It was found that Prony's method will probably find al)
of the complex resonances of the poles but the calculated real parts
will be far off fram the ones existing in the waveform if 3 resonance
is initiated within this time window. In fact Prony's method re-
quires that no forced response be present in the data if the real
parts of the poles are to be calculated accurately.

The poles obtained by Prony's method for the echoes in Figures
29, 30 and 31 are shown in Table 1. These are much the same with
those obtained for d=30m., as expected. In order to determine the
depth of the target we first extract the antenna double pole pair.
The result is the solid line on the same figures (Figures 29, 30,
and 31). After centering, the reconstructed early portion of the
target response is shown in Figures 33, 34 and 35 for depths at
i 20, 18 and 15 meters, respectively. Detecting the first zero crossing
[ ¥ of the reconstructed target responses after their deviation from
the filtered waveform (solid line) we obtain the following results:

j - To = 120 + 20.12 = 140.2 nsec ; d=20m,

] Il T =108 + 17.8 = 125.8 nsec ; d=18m,
L
To =90 + 16.5 = 106.5 nsec ; d=15m,
Using the above results in Equation (71) the depths are calculated

to be 20.13, 17.97, 15.07 meters as compared to the actual depths
of 20, 18 and 15 meters, respectively.
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fable 1
PRONY RESULTS; MIN. SQUARE ERROR CASE

o

g g rpiee) =
PoLES? (x105) RESIDUES(x10™°)

“uvrR +2EPTH s |11s? [ el | e REAL IMAG

-48.5205 | +47.95888 | 2.866151 | +2.84646)
Fig. 26 [30 m. [6Tg |51 |-42.0954 | +50.62961 |-2.354673 | +3.490129

-23.23658 | +39.83028 |- .4535518 | + .07051006
e -§3.0749 | +47.19403 | .1067881 | +2.83134)
Fig. 29 |20 m.|STy 145 |-40.19853 | +50.76860 | .8886122 | +2.994219

-25.16282 | +40.15106 |- .4398645 | + .3466342
T | 11 [-a3.5897a | +47.65909 | .842728 | +3.228905
Fig. 30 |19 m.[5T, |44 |-44.69857 | +51.03842 | .0540642 | +3.139947

-25.06127 | +39.62526 |- .2190129 | + .408473
SR 3 1 1-35.51768 | +48.77227 | 2.961498 | + .2245375
Fig. 31|15 m.[aT, a0 |-54.8633 | +51.44039 |-2.166434 |+ .5655805

-21.13081 | +39.51648 |- .301001 |+ .212935

10 m. > First Echo Time Window not Wide
Enough for Processing
st ———————

Interval between samples used by Prony's method for
calculating the poles.

Starting point of the window used by Prony's method
for calculating the poles.

The real and imaginary parts of the poles are given in

Nepers/sec and Hz, respectively.

The first two pole pairs

correspond to the antenna double pole pair and the third
to the tunnel.

73251 nsec (6000/8191)
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As seen, the reconstruction process has the capability of
producing very accurate results. This is provided the filtered
waveform does contain a time window where the target response is
actually existing by itself,

Let us now turn our attention to Figure 32 (dotted line).
In this case the line's length was at 10 meters. The multiple echoes
are 66.667 nsec apart and they are overlaped. Also, the arrival
time of the first echo (66.667 nsec) is short enough, so the antenna
(Z4) respense interferes with the first echo's response. Therefore,
th@ time window containing the first echo only, as shown, is not
«ide enough in order for Prony's method to determine the poles of
the first echo. We could have superseded this problem if our
sampling interval, T,, was smaller, Thus, more processing points
would be available in the respective time window. These points
could then be enough for generating the equations required by Prony's
method to calculate the poles. But this would require larger array
for Vo(jw/- Note that 78 is given by

Ty

Tg * k1

where K is the number of points describing the complex array of

¥V (jw). The computer used, could only process a maximum of K=8192
cRnplex points, which were used for all the data presented here and
in Appendix £,

This seems to be the limit of our processing capabfility.
A5 the line becomes shorter more of the multiple echoes overlap
and the waveforms become more difficult to process. Its main compli-
cation is again that poles are introduced after the starting point
of the minimum time window required for Prony's method to calculate
all the poles present in that window. I[f we are to accurately process
a response, the chosen time window must be coherent and continuous.

Since the pole of the first echo are known from previous
processing we can go one step further with the response at d=10m,
Using the antenna double pole pair as obtained for d=30m., it is
extracted from the echo of Figure 32 (dotted line). The result
is the solid line in the same figure. Note the peaking of the forced
response. They occur at the beginning of each echo, where the forced
response is confined. These peaking show that three echoes exist
in the total time interval of the waveform,

The target response alone is indicated in the first echo for
a time length corresponding to a cycle. Note, alsp, that the target
response is not isolated from the other echoes, yet, since they
consist of more poles. This was developed earlier. Using the target
pole pair for d=30m., this target response alone was reconstructed
as shown in Figure 36. The first zero crossing of the reconstructed
waveform after its deviation, is detected to be

78
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T 711 nsec.
L8]

Therefore,
z 73-6 z
d m '0.05 m,

Indeed, this is the actual length of the transmission line.

The above observation indicates that if a portion of the target
response exists in a small time window then the reconstruction process
can still be used for detecting the target's distance from the antenna
(or constructing a map).

F. Conclys fons

It is concluded that our main problem with processing the
echoes is the determination of the poles by Prony's method. Once
the poles of the waveform are known, within a reasonable accuracy,
the pole extraction process can always be used for isolating the
target's pole pair. In turn, the early target response is recon-
structed. The first zero crossing of the reconstructed waveform
after its deviation from the filtered, can be used in Equation (71).
The target-antenna distance is subsequently estimated,

When the target’s depth is small then the multiple reflections
of its response could overlap. If the time window where the first
echo appears without overlaps is not large, (greater than 2N_ or
IN_ time points, where N_ is the number of sin?le poles in thRe
willdow) then Prony's metRod will fail to calculate the correct poles.
This can be alleviated by matching ZAs (see Equation (52)) with

the line's characteristic impedance, 7. Thus, all echoes, except

the first, are suppressed. In our fie?d study at Gold Hill, Colorado,
discussed in the next chapter, the antenna structure was closely
matched to the ground impedance to avoid multiple tunnel reflections.
0f course, ground impedance is a dynamic parameter. A study could

be attempted here to determine the tolerance of the antenna structure
and ground impedance mismatch on our results,

Furthermore, we should not neglect that Equation (61) should
be reasonably satisfied at all times., Otherwise, erroneous results
could be obtained for the tunnel or target structure (see Appendix
£).
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CHAPTER V
APPLICATION OF THE POLE EXTRACTION AND
RECONSTRUCTION PROCESSES ON MEASURED
TUNNEL ECHOES

A. Object ives

The objectives of this chapter are the following:

1. To apply the pole extraction and reconstruction processes
on measured tunnel echoes for detection and fdentification.

2. To evaluate our results and compare them with results
from other processing attempts,

B. Echo Recording and Processing

During the summer of 1978 a group from the ElectroScience
Laboratory recorded a set of echoes on a tunnel site at Gold Hill,
Colorado. The position of the recorded waveforms with respect to
the tunnel is indicated in Figure 37. As shown, two traverses were
made over the rectangular tunnel [22). At position R10 the tunnel
was about 20 ft, (6.1 m.)deep, and of size 4'x9', These data would
correspond to a tunnel response arrival time of about 100 nsec (the
ground relative permittivity was accurately measured to be €."6)
and a resonance at about 25 MMz,

A 6 nsec gaussian pulse was used for excitation with an
8-foot crossed dipole antenna, referred to as LBANT (Long Box Antenna)
(14]. Some of the recorded echoes are shown in Figure 16. The
later portion of al) the waveforms was used by Prony's method for
calculating their poles. Results are given in Tables 2 and 3.

Two complex conjugate pole pairs are indicated. The one at 40-50

MHz corresponds to the antenna pole pair, and the other at 20-30

Miz to the tunnel pole pair. The real part of the calculated poles
varied over a wide range. This is due to the nonyniformity of the

?rOund. and also to the sensitivity of the real part in the calcu-
ations performed by Prony's method.

The antenna pole pair given in the tables was extracted from
each particular echo by employing Equation (16) and was subsequently
rrected for distortions according to Equation (34). The early

portion of the tunnel response for each waveform was then reconstructed

according to Equation (42), with the tunnel pole pair as given in
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the waveform poles.
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TUNNEL

X = RECORDED WAVEFORM

Measurement coordinates of
Gold Hill Map 2.

It should be mentioned

The reconstructed waveforms at positions Q08 and R10

are shown in Figure 19 and 20, respectively.

that the intervals used during the pole extraction and reconstruction

processes were the same as those used by Prony's method for calculating
These intervals are given in Tables 2 and 3

under the column of [B8S (Interval Between Samples).




;

|
|
J ' Table 2
PRONY RESULTS; MIN. SQUARE ERROR CASE ;
| POLES RESIOUES ‘
'3 l wirm | 185" | 175° | (Nepersx108/sec Mi )3 (x5x1073V)
albaly
. POS. T REAL TMAG REAL TMAG
; I -52.57866 |+67.33230 | .4162106 |+ .4041063
ii i M0 1975 | 197 | _pa.88652 | +25.85206 | .1878496 |+ .324783
| -10.79741 1451.30669 |- .2334531 |+ .1110562
; 02 19Tg 102 | 35 04296 |+24.91175 | 0342021 |+ .2627557
I -17.33083 [+47.07857 | .3978992 [+ .7173292
g 02 o1y 105 | 4 1314 +20.47811 |- .702791 |+ .3943723
; I -32.70187 [+41.94802 |- .1942287 [+1.310707
xt POb 18Ty |12 | .30.30265 (+18.21603 | .6458865 |+ .08358783
i n -26.92599 [+45.48387 | .04361706 |+ .5112753
f W0 19 |-38.10888 |+19.36852 |-1.484128 |+ .7730645
~[-43.59202 [+69.02293 |- .000748475|+ .178899
ke 17 | % |- 8.259986|121.892) |- .51544)3 |2 3856364
[ 1 1-57.7017 [+46.79932 |- 7286549 |+ .6220561
i S12 18Ty | 98 | 18.19595 |+25.17972 | .06751176 |+ .0967833a
| :
R I85 = Interval between samples ysed by Prony's method

for calculating the poles (18-200/255 nsec).

—d

P
[ b

leS = Starting point of the window used by Prony's
method for calculating the poles.

3 The first pole pair corresponds to the antenna
1 ' and the second tq the tunnel,

p— |

.




Table 3

PRONY RESULTS; MIN. SQUARE

ERROR CASE

POLES RESIOUES
wirM| 1857] 175%]  (Nepersx10®/sec, miz)’ (x5x1073V)
POS. REAL TMAG REAL TMAG
-60.4619 [+42.94669 | .19806356 |+1.508699
S06 | 8T | 95 | .12.42679 |+29.99758 |- .424870 |+ .200000
| -22.01400 |+45.22787 | .2006144 |+ .4037744
108 | 9Tg | 107 | 17 24408 |+20.34345 | 6929016 |+ .6932108
| ¢ ¢
! <77.43989 |+49.73739 | .9140537 |+ .5295426
10 | 6Tg [ 115 | _50.4954a |+29.20841 |- .6743707 |+ .4071000
| T'“m°" - 6.23398 [+38.51152 | .2606750 |+ .3271609
V12| 8Tg [ 101 | 1154021 |+29.45295 |- .294674  |+2.649029
| -24.31728 |+56.38387 | .06778622 |+ .2581218
Wit | 4Ty | 110 | | 6 543068/+29.34473 | .4046351 |+ .05179789|
| -58.65565 |+67.08458 | .3214495 |+ .2581229
abud {54 r "2 | -44.00909 [+37.64018 |- .6430123 |+ .a217677

lIBS = Interval between samples used by Prony's method
for calculating the poles (73-200/255 nsec).

?ITS * Starting point of the window used by Prony's
method for calculating the poles.

3

The first pole peir rorresponds to the antenna and
the second to the tunnel,
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Go Results

The tunnel resonance as given by Prony's method (20-30 MHz)
corresponds very much to the calculated one of 25 MHz. The deviation
of the measured resonance at different recording positions is due
to the changing height of the tunnel along its path.

Looking at Figures 19 and 20 we observe that the first zero
crossing of the reconstructed tunnel response after its deviation
from the filtered waveform occurs at about 90 nsec. This corres-
ponds to the arrival time of the tunnel response and compares satis-
factorily to the calculated one of 100 nsec.

In order to determine the relative position of the tunnel,
grey-level mapping (see Reference "22]) of the reconstructed waveforms
for each traverse could be performed. This mapping technique places
the waveforms of the traverse in a two dimensional co-rdinate system
of depth (time) versus waveform recording position. FEach coordinate
point corresponds to a waveform voltage. Voltages between successive
positions are interpolated by using Lagrange polynomial approximations
{22). Thus, a continuous two dimentional array of voltages is obtained.
A computer routine written by Stapp translates the array voltages
into characters of quantized darkness levels. The highest voltage
corresponds to the darkest character (black), and the lowest to
white. These characters could then be plotted on a line printer
to obtain a grey-level map of depth versus waveform recording position.

The grey-level map indicates the arrival time of the tunnel
response at each echo recording position. As we approach the tunnel,
the arrival time of its response becomes shorter. Such behavior
creates a hyperbola on the map with its peak corresponding to the
position with the shortest distance from the tunnel (for a leveled
surface this position is right over the tunnel).

Figures 38-40 show generated maps for the lower traverse of
the plan view given in Figure 37. As seen, multiple hyperbolas
are created. But, these are ficticious due to the reconstruction
process. The hyperbola corresponding to the tunnel is the one be-
ginning at about 90 nsec (in the middle of the map). This is deter-
mined from the first zero crossing of the reconstructed waveform
after its deviation from the filtered, Figure 38 indicates the
map with interpolation in the position axis performed after recti-
fication (Fold First)., This rectification process was found necessary
in Reference [22] to clearly depict the tunnels in the grey-level
mapping. It is not needed after using the processing techniques
outlined here. The black level was set at 3.5x5mV. Other descriptive
material on these figures, not needed in the present discussion,
is retained for the deeply interested reader and follows the
def initions given in [22). In Figures 39 and 40 interpolation was
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Figure 38. Mapping of the lower traverse over the tunnel.
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performed before rectification (Fold Last) and with the black level
set at 3.5x5 and 5x5mV, respectively. The actual tunnel position
at recording coordinate R10 (position over the tynnel) is shown

in all maps for comparison. This is exactly the position shown

by the maps at this coordinate. But, the hyperbola does not peak
at R10 as it would be expected. It peaks at P6-Q8, although, it
does not differ much frgm position R10. This distortion can be
well attributed to a 10” ground slope not accounted for in the
maps, which could have made the shortest distance from the tunnel
to be at position P6.

In Figure 41 a grey-level map for the top traverse is shown.
The actual tunnel position at coordinate UlQ is the same as the
one given by the map. Again, as discussed previously the hyperbola
peaks at positions S6-T8.

It should be noted that in all maps the height of the tunnel
at each recording position corresponds to the width of the hyperbola.

Our results as compared to measured ones are very good.
In some instances measured and calculated results have a perfect
correspondence, while in others, they are very close. The important
point to be understood here is that our process is indeed capable
of identifying the tunnel. A comparison of our maps with those
generated by Stapp enhances the successfulness of the process.
Figures 42 and 43 present an example of the maps given by Stapp
for the top and lower traverse in Figure 37, respectively. They
were produced by direct grey-leve) mapping of the echoes. As seen,
the expected hyperbola which identilies the tunnel is not clearly
indicated. More likely, the maps ocive a confused picture of the
tunnel and limited conclusions can be made.

Stapp was forced to use various data processing techniques
such as taking the absolute value, average nearest neighbor waveforms
and adjusting the level at which the waveforms were clipped etc.
Even then the results while acceptable left much room for improvement,
However, by including the physical mechanisms, i.e. natural resonances,
in the process, these rather arbitrary steps were not necessary
and vastly improved maps were obtained.
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CHAPTER VI
SUMMARY AND CONCLUSIONS

The tunnel identification process consisted of three main
tasks:

1. Recording of the echoes and calculation of their poles
by Prony's method.

2. Processing of the echoes:

a) Removal of the antenna pole pair and other undesired
resonances (Chapter 11),

b) Reconstruction of the tunne)l response (Chapter I11).

3. Determination of tunnel's structure, depth, and relative
position (mapping).

We concentrated on the processing of the echoes. The processing
procedure was thoroughly analyzed and tested on theoretical (Chapter
IV) and measured (Chapter V) tunnel echoes. Methods for identifying
and determining the tunnel's structure and depth were out)ined.

The reconstruction process was used for combating the clutter problem.
The relative tunnel position could be obtained by employing the
grey-level mapping technlique.

Our results from the measured echoes were very good., The
tunnel position, depth and height were clearly indicated in the
constructed maps, and they did correspond to the actual ones.

Thus, it was demonstrated that our processing can indeed
identify and provide us with concise information about an under-
ground tunnel from its backscattered responses.

The processing capability was very accurate as long as the
calculated waveform poles by Prony's method are within reasonable
accuracy (especially the imaginary part). The inaccuracy of Prony's
method when dealing with data dominated by clutter and noise limits
our processing capability. Once the proper waveform poles are known,
the identification process can be performed within a great accuracy.
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An important part of the processing, which can be performed
in real time, is that the structure and depth of the tunnel can
be determined before mapping. Mapping can give us a better overview
of the relative tunnel position. But, it requires extensive computer
time and storage, which is undesired. Furthermore, the construction
of maps needs many recorded waveforms. This can be a problem since
the ground surface may not be smooth enough for the antenna to be
properly positioned in many spots,

It should be noted that our processing of the echoes, although
it was used for identifying tunnels, is very general. It can be
applied to any target backscattered waveform for isolating the target
response and combating clutter and noise.
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APPENDIX A
DERIVATION QOF A DIFFERENTIAL EQUATION FOR
EXTRACTING ONE COMPLEX CONJUGATE POLE PAIR

Let us assume an original waveform, r(t), with a Laplace repre-
sentation of

R(s) =j[r(t)] .

In general we can express R(s) as follows:

R(s) = —N(s) (A1)

(S-S,)(S-s;)D(S)

L]
where (sl.s,) is the pole pair to be removed.

P Multiplying both sides of Equation (A1) by the representation
: of the pole pair (s].s,). we have

2 2 N(s
Ro(s) = (s2-2sRe(s))+]s,[20R(s) = gt3d (A2)
is the Laplace representation of the filtered waveform. Its

s)
es are described by D(s).

Transforming Rp(s) to time domain we obtain

Fo(t) = (g; - Re(sy) g + is,or(t) (A3)

where r_(t) -,["[Rp(s)] ;

Equation (A3) indicates the anal implementatjon required
for extracting the complex conjugate pole pair (s,,5,). It is equiva-
lent to the digital one given in Equation (14) (sle ehapter
).

In a similar manner we can derive differential equations equiva-
lent to the difference equations given in Chapter Il and III.
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APPENDIX B

MAIN FORTRAN PROGRAM FOR CALLING THE POLE EXTRACTION AND
RECONSTRUCTION ROUTINES, MANIPULATING DATA AND PLOTTING

L LI I I I D A U T T T T R
IHLS PRUGHAS CALLS THE POLF FXTRACTION AN QECONSTRUCTION
L PRCLLSES
- L I L D I DR R D D D D O R R D R
A ® & & o TASKS PERFCHMEND
¢ ® i, FILIERS [HE 1MPUIED apVEFCRN (1FILTe1 CR @
L rin NO FILTERING)
¢ ® 2. EXTHACTY uv 10 3 COVMJUGATE POLE PAIRS (& POLES) P
L CIDECF®) G & FCH N0 POLE EXTRACTIOM)
¥ * 3. (HE *rlLTERED® DAVEFOLE € CORRECTEN (M PHASE
. AVL AMPLITUIR AFTEK POLE EXTRACTIONILIF Si2ef 20 '
L LORKECTION AILL UF PERFCHMED)
¢ ®» 4, FILTERS THE “pLTEAENY JAVEFORS r(R KECOUSTRUCTIOM !
WKPGSEST HOTE THAYT REFORE WRECOVSTRUCTIOM THF EARLY 4
X PORTLGRI, THE TAVEFOWY SUST NF CE'THAEN. (IFILYhel OR 7 FOK 1

b L " PRACT=RI2ED
L 2 4 ) }
L ICH
. i e’
. (19€CNal O
.
S
i - EFC+Y4S 3
. Lo
2 EN RS *SPTHEYS PFTETEREDYSIENEENN - %
% ® % ¢ & SELECTICN OF R el :
¢ 0B Crmts PCLE EXTHICTY {e DERf ! .
. o¥1 POLE EXTRICTION ROUTINE |S SKITOF .
e [UtLllim} ST 1 18 ) ¢ .
L ={*e OIS PhCe! ! b2 .
. ® [riLTels RIUERAMD FILTFMIVO CAL RE “ERFOR
L r = A { i -
L sy N0 rFILT i i Tk . -
* [rilil=tsCRUVE W ARvErtn ' &
SEReOED . {EC0"S LB # Loy .
. w) N0 FILTENTY EFORE RECON S, il .
# e UTE & & [T IS IIPORTAYT THAT THE ™2vEroW™ I8 »
[ SYTERED RErO RLCOIST o -
W L R BN BE O EE BE BE R OB N I I A A B T I I O I A A A -
e o @ RS KIPIIOY ¥ ARAVETE Ry
. e ek AY »
. ¢ Thehas|ic VAL YAV kit 1% PSEC
N ® TirallIDUT
. . ik SEOR® OF THE MAVEFORY % A MATIOM
. . ILTEHED™ (AVEFORU(POLE EXTI 2CTEM
- . CReRECLHST WCTEL avEFow
8 . M rre) [ EFE MR TF *FLLTERED™ I TV C) wegnons T
3 (LPHECH) ZpvkptHrn
L * (iMe)=AX]E ARMAY FOT ™M LTS
L ® SullI=NEAL PART OF TV POLE OAIR TO FE EYTWACTEN [ YEPERS(iEY
(]
(8 & SHUL)=IMAC, PANT OF [TY DOLE OplR T PE BXTRACTED I w2
L * Sit2e [AAG., OF TUMNEL POLF PAIR [!' M2 (USEN FOI COVHECTION)
* * NPeULEEN OF CONJUCATE POLE PAIUS Tn BE SXTOAL )
| & NePULE =XTRACTION INTERVAL
4 ® NSBRAVEF (WY STANTING ODINT FON DROCH RC N 2t "MEvinye
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OATA IDIFZ IV L FREREICE NAVERDN 2

VDATA ISIRZ2VKECOHTT, START, PCiYTey

UATA HERRZ2SHPOINTS USED rON ERN CALOL .=/

UAGA TIXKVZIHEXTHACT, POLE(MZ) 1 ke 1Ay

DATA INTHZ2CHEXTIACTION INHTERVELay

UALA [HECZI18VRECHS, INTERVIL wy

DATA TRELTZ28MS0OLIN LINEY FILTERED OVEENZ

Ples, 145y

CALL SUFEMKE 1)

CALL SUPERKCD)

CALL SUbEwatl)

CALL SUFEnK(a)

CALL SUbCwi(%)

CALL SubPkwmte:

CALL SUPFuktY)

CALL SUFERut 12}

CALL SUPENNCIX)

ALL SUFE«NT 14)

CALL ASSIGHNCONUITIN 840,20

L I I I

e o [NPUT DATA

L

LU= o

Widelunsé

Ue2v), 7259

THlaTes %

HklTEIN,S)

FURPATIZIX JZRANVEFQRY (1ipirs?)

CALL mWL'-”‘f IFILER JIUSERK)

Hn I TELB, vt )

POMBAT(IX %2 Ol N1 7

CALL WIEXMIStI. M)

Is(lSHIFT 1) SHFT.=1

TAUH =]

1 Afmit

IFCTSHIFT o= 10 B0 [ASHTET .= 18)00 TO vine
TAU=I

IR SHIFT o= 1020 IR.SHTFT = 181060 1D Jiwa
AnliEC( )

FONAATLID, %2

GO 10 wivae




(Fa
122
123
124
12%
120
127
IZ2n

oV
13¢
131
132

134
13%
136
137
108
1w
4
41
142
14,
| an
145
4o
47
iso
i4v
e
154
iad
%3
I8e
195
i%
%7
%8
153"
o
ol

los
o4
65
leo
167
tes
oy
LT
1)
Vig
173
14
175
176
'.l-'
178
1T
18¢

Se0e

aws

L

e
Sedo

e

ai

23
e

R

we

sie

Kihh=l,

NRITE(N, 405)

FORMAT(? JDECF , IDECB, IFILT,IFILTRw?)
READ(H =) [DECF,IDECB,IFILT IFILTHR
NSeYEP(2SHENTEN WyFRM START. POINT=, 25 .3)
NS1eNSe |

LINITeYEP(2VHOO YOU WISH SCALE ADJUSTMENT?,29, 1)
.« " e " s s

e o OUTPUT STOURAGE DATA

WRITE(S, 8HR)

FORMAT( { X, 20UTPUT STORAGE DATA 17)

CALL KOFLNMUIFILES,IUSERS)

RRITELS, Be1)

FOMMATCIX,ZA(8) OW B(1) &)

HEAD(H ) LABES

® v 8 s

NNFeYEP(JHHNUNMBEN OF WMVFNNS TD PROCESSe, 28, 1)
[USH®YEP (YHDEASSIGNT 9, 1)

DO 2O NRal N

CALL klvaLl‘nF NU,! @, IFILER,IUSERR,] AB,0,] ERR)
[F (¢ IDECF,EQ.). AND. (I DECB.EN. 1)) 00 TO 333
IFINS.EQU.¥) GO TO v

DU vS lei NS

TAr(] e,

N

IF(MN.GCl.1) GO TO lal

TUCSYER( 1IMDC REMOVALZ2, 11, 1)

Whw!

IFtIDC.EC.2) CC TO 1))

e o I SHIFTING

SUMMe

0O 1 [eNSI ND

SUMMeSU L MeTRE(])

SUMMSUMMZ (IND=NS 1 Ye 1)

DO 1881 [eNSI KD

IMFCl e TmEC] )=S0

Wuw

* o e 0

IFCIFILT.EQ.®) GO TO 19vy

® o FILTERING

NHiml

NH2w2@

NH 3e 205

CALL FILTCOTWF 55 RTWE MM 1 NH2 NMI NS ND, NDA)
CONT INUE

¥ 2 "

1FCIDECF.EQ.2)00 TO 14

e o POLE EXTRACTION PROCESS

CALL POLEXT{TMF ,TWDEC SR, SM TR ND N NP NR, TANP)
IF(LIMIT.EC.®) GO TO Qi@

e oF IND SCALE FACTOR FOR PLOTING(FR)

FMAL =,

DO YOV =i ND

IFCABSITIDEC (] )) .OT.FMAX) FNAX®ABSITMECI(]))
TFCASSOIRF (L)) JCOTFMAX) FNMAX=ABS(TWE(]))
PRITE(B,W8) FMAX

FURMAT(2X,"FHaXe® 1P1GI0,3)

FRed JFEMAL
0 TO 12
FRel,

101

] =

P T T TR TI T T e————




81 GO TO 13 g
82 i« Wiike |, )
I DO 1ée =1 ND §
ins jov TRDEC () =THr(]) i
185 1o CONT INUE

e IFINN.Gl.1) GO TO lea
a7 IUCK=YEP (] THDC RENOVAL?2, 11, 1)
ol S4e Knml,
iov IrCIDCR.EO.) GO TO 334
ive C e o D SHIFTING
iwi SO MM e
vl 00 3wy leNSIND
I3 2wy SUMMeSUMBe THRDECC L)
Iva SURMe SUL M/ LIEND=NST de 1)
vy DU 4wy jel ND
R TROECL j@TRDECT] )=S0 MM
Iv: Lad CUL N
isH O .« " 8 e e
Paw Ir(lrILTR.EQ.®) QO TO 40
2 ¢ e & FILTENRING ]
24 CALL FILTCTRDEC,SS,FTWF NM1,NH2 , NHI, NS ND, ND4) !
e &0 HWNe ] ]
avd ¢ . e e 0
dus (LC ® o RECUNSTRUCTION OF EARLY PORTION Or THE
¢y SEILTENED™ RAVEFORM
P IFCIUECER.E0.#G0 TO 120
e CALL WECONSUITH ,TWDEC ,TWDECH, KG, NER NN, ND NN)
2un (F(LI4IT.EN.@) GO TO 995 ]
ey ¢ ® o FIND SCALE FACTOR FOR PLOTING(FR) 4
21¢ BMAX e, i
Qi 00 v [wl  ND §
212 [FARSITADECEC 1Y) CT.BVAL) BMAXeARS(TRDECALI )
JEd w4 TFCABSUIMF (T ) OT . AMAX ! BMAXeARS(TRF(I 1)
PSR hRITEIB,»]) Buax
21% sé&3 FORMAT(2M,"FrAXe® 1PI1CIA,. )
2ie Fhomd , /7uman .
2175 GO TC 12¢
218 WS FHsg,

. 21y 12¢ HRe), '
v € @ o LIMIT MAY QUTPUT TO & UNITSI(VOLTS) 3
221 IFCLINIT.EQ. 1) GO TO 45
ded (0 44 l=i ND
223 IFLTRE(]1.CT.4.) TWF(] )ma, \
Sod IFETRFI]) LT =4 ) TWF( ) e=a,

22% IFETEDECIT.0T . 4,) THOEC(] )ma,

226 IFITWDECII ) LT .~4,) THDEC( ] ) o=a,

227 [FCTHDECR ) GT. 4, ) TROECAC(] 1ma.,

238 IFITROECH( ) LT, =4, ) TWDECR([)o=4a,

v ea CONT INUE

S 4y kel

d<l C . % o0

e3d [LFfel

233 IFOLIDECF.EQ.@), AND,. (I DECD.EN.2)) [DFRee
&L IFUIDFB.EQ.O) GO TO 444

23% ¢ * e e

2:68 L ® o STORACE OF *"FILTERED OR RECONSTRUCTED WAVEFORW
237 IF(NW.GI.1) GO TO 278

258 WRITE(NR,555)

239 5% FORUAT(?STORMIE? )

24 WRITE(AR,2T]




BT M NG it

44t 1)
dwg

l..-

chd JTn
day
4G

4?7

Jat

JA

<O

&ul

292 <22
223 &3
4%«
«22
€90 L
29

Pl

2%

dln

<0l

ald

<0,

dO08 adp
JU A4 d
€0 L
207 L
e
LOY
div |}
Tt ¢
did L
£4¢d C
2ia

Y-

T
27y
Ju.
bl
ot
RUE
Jbt s
8%
8o
‘?" .6
dbB J4
L8
dve
PR
vl
PN
iy
P43
FiY
v
Fad.)
by
Jonr 2}

FOMNATC2ENTLR rltim A UESCH, TEXT?)
CALL wTLATCIrLin, 3)

CALL WTEXTUIDES, 14)

e,

LUct jme)

ICOUL (2 1 mitl)

ICONEtaim® 111000

P CIOECE JBO, 1L ANDL IDECB.EN. 1)D0 1O 222
IrtiDeCt .0, NGO TC 222

CALL HrDUrFLCTRDEC N INES, 22 IFILES, IUSERS, I ARS, 1, [ERR)
00 T0 223

CALL wmONFLATHDECH M INES 32, IFILES, JUSERS, IARS 1 [ ERR)
CONT [ NUE

* * s s 0

IF(NR.GT.1) CO TO 2¢007

. & & 0

rACe

FHEN®E &

Wiiwl

wlitiet N}

CU 44} sei N7

SetpleSkin)etl E=a)

SH(R IeSMIK et ,2-8)

kel

Hhmj

L

o oCIMSIHUCTION OF TIHE AkRAY
INEC ) e,

(G 1111 te2,M0

AVEC ) e T VEC] =1 YoTF

. e e

® ¢ PLUT Gr THE ORIGINAL *FILTERED® 2 DzOR

RECLHSTRUCTED RAVEFOUM

PRUSE

Lol /PN

Srire=a . /Fu

DU 24 =100

iRl re=rFL )

THDECI ] ie=TYIECL )

THDECH [ le=TH ECR( D)

IFCLIRITEQ. 12 CD TC 24

IFCTRFC]) G400 (iFE]1ee,
IFITYW L] ) lT v=d.) TOFL]Ye=e,
TriT™DECII ). GT . 4,.) TILECT] Ina,

I (TEDLECE ) LT =4, ) TIWNECL] Y m=a,
IFETADECTH ) GT 4. ) THNECRY | ima,
IFCTPORCRI) A Te=d) TECH ([ 1eaa,
el

CALL ASMRLTOLNY D)

CALL PLLT(d.6,1.95,=3)

CALL FACTOR! 1)

CALL ARISC2e oo IH 1 4, 100, SFR,
LDFR, 1., 1)

CALL AXISIO, . TIITINE (NEEC) (=11, 1. .50, 8., T,

kTead)

CALL LINECTWOEC @, 0 0OFR, TINE 2.0, TI4H, D, 2, *)
e tUIDECF JED M ANDJCITECRENL 1)) 00 (0 20
IFCCIDECE RO GAND G LIDECH.EN 1)) B0 e 21
CALL SII-Y-‘(Fl‘i.6’-5‘.7?F“.T{'IF..f'-".T-"'-!" 0'00"3.
CONT 1huE

103




IFCLIECELEQ. XG0 TO 22

CALL SThYPCTRDECH O 0 D TIME (0,80 , T™I NN, 1, ,=68)
~UNT INUE

CALL SYRBOLED 1, A 0, 11 1eimN, o, . 9)

CALL SYMHOLL(2,1,0,,.11,1DES,01,,30)

CALL SYIi0L(2.3,04 4. 11 IDOR, W1, , 30)
IFtlirb.el 1) GO TO adA

CALL SYIBULE2 .9, 0.0 LI IFELT 900 ,30)

G 10 1N

CUNG Nt

CALL AXIS(2.5,0, 01 o84 200,90, ,0,,0, ,9,, M

CALL SYILOL(2.9.8. .. 11,1D0C, %, ., )

e,

IFCIUECF Q) CO TO 17

PP CCIOECE BO 1) MD L LIDECE B0, 1)) SXa).5

CALL SYYBULISE 04,11, INTk 00, ,2¢)

CALL (MUINEER{SK B.5,. 13, N, WY, =i)

CONT [1itit

FFOlueCEEQ) GO TO 2%

Sakmlae D

IrtLi.EQ.J,9) 5KKe2,7

lrti0eCr.£0.) SEXeSK

CALL SYFROLESKK 60 oo I POE, Y, . 300)

SaneSile 2

CALL SYFBEOLUSEKK,8,.,¢11} SIP, 0., )

CALL HUNMFERUISKK, 9.2, .11, B6r, 90, ,=1)

SKEeSane 2

CALL SYRBGLUSAK, 48

CALL NURPERU SR,V

ShEmSale 2

CALL SY POLUSEK 00, I IREC,9Y.,,20)

CALL SULDERTEEK B0, 11 B on, L=f)

CONT 1NUE

fr i DECrE EO#)
SleSane ¢
IFCIDECE 20 .8) SiefKe,

CALL SYUBDL(SI (Oeqo i1, IDCHY, 00, ,3))
Sleyje.

DU 155 el

CALL TR EC K ed ga 1 QSRIK) (98, o2)
CALL NULLEW Vel oo 11 .SIE) V0, o2)
SieSfe,2

GG 70 211

CUNT 1Nuke

DG 212 Jwi kP

SuhiileShille(l kn)

Sl I=SUil Yo (! E6)

CALL PLATLO.129,=2.3,~3)

CONT I Hug

e o s 0

FFELIUSHEC 1) JAND UM ED, 1)) GO TO 218
GO 0 2¢@?

huwl,

CALL DEASSNH

Kuwi,

e o e

® SICHELENT INPUT AND OITPUT FILE MAITS
(U vy lel un

InDECT] Jee,

THLECI Yo,




Joi IF(NWF.EQ. 1) GO TO 2000

02 LAB= ([Ab®1)/2

Joo [ABS=([ABS« )/2

o4 LFCIAB.NL .0 GO TO 281
o9 A=

Joe GO TO 2ea2

Joi e [Abeg

Job CALL INCFILCIFILER, IUSERR)
Juv QW HKe

Jiw [FCLABS NE.¢) GO TO 2004
3 [ABS=1

32 GO TO 2uw

Jio JV4 [ADSe

ila CALL INCFILCIFILES,IUSERS)
379 ¢ CONTINUE

iie CALL EXIT

355 eND

Jim ssevsseve et te e

i SUBRQUTINE FILT(TWF, S5, FTWF,NH 1, NH2 M3, NS ND, ND4)

KLU ® o o THIS SUBKOUTINF FILTERS THE SPECTRUM OF A GIVEN
Jul C WAVEFORM 2 TWE [ TROUGH A HALF TRAPEZOID, DEFINED
8l C AY NMI NM2 NMS.,

Jsa C LR B O B O O B B I I R N TR TR I N N TR N SR N Y
Jas C e o o DESCKIPTION OF PARAMETER S

8y U > NFeD ] SCRETE WAVEFORM TO BE FILTERED

ise C PrFINFeCOMPLEX SPECTRUM OF 2 TWF~

Ju o PrNS@LTANTING POINT OF THE INPUT WAVEFORM(TWE )1 ALL POINTS
J8y ¢ PREVIOUS TO THIS ARE SET TO ZERO.

38y L »>NUSO[RENSION OF THE INPUT wAVEFORM

vy C PINC AN /4IDINENSION OF THE ARRAY *SS”

Jvi ¢ »>55eARRAY TO BE USED BY SURROUTINE “FORT’

V2 PrNM ik [RST CORNER OF TRAPESOIDAL FILTER

Jve © PrUHIeSECOND CONNER OF TRAPESODIDAL FILTER

Jse C PPN InTHIND CORNER OF TRAPESOIDAL FILTER

3svs L * e o THE QUTPUT 1S RETURNED IN *ThF” o o o

3¥og L I B I I D I I IR IR I IR N IR TR R N TR I B I R TN )
7 OIMENRSICN SSINDA ) ,TUFIND)

Jvs COMPLEX FIRF(ND)

iy KO2etD/2

e NZPan[Jel

i 1eND

“Ww. D0 40 (e 5

AL iiniiz2

ava tim |

b I~tl1l.EQ.1) GO TO al

N hkwl

4vT 4l wewl,

dn IrINS.EC.8) GO TO 39

4w DG 1982 (=1 NS

4l e TRl ieg,

4i1 33 el

412 1y Wiwl

41) DO 31 el ,ND

414 21 FIWr ([ ) =CuPLXCTWF(]) ,4.@)

4i5 CALL rORTIFTWF N ,S58,=1,1ERR)

41 00 34 e NN

4i7 sa Fimr(l)eCHPLY(R .0, 2.

415 DU 3% [=NM3, ND2

div 5 FiIRF () aCuPL2(0,0,0.0)

“we TFINK2 .EQ.NM3)Y GO TO 37




21 DO Jo l=sXH2 W)
4,2 ¢ rive()es (N =1 eFTHE(] ) 1/ (HHI=NHD)
423 3 whike |
4.4 Fiak (U eCrPLLta, (ot )
429 D0 In =2, 102
ac JuNieg=]
427 I8 FInFt ) eCOMICLEIRFCL )
a2u CALL FOKRTUIFTRF N85S, 1. 1MW)
40 CO 494 (el ND
B TartlexEALtrTarcl ))
401 HETUMN
L END
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APPENDIX C
THE POLE EXTRACTION SUBROUTINE

SULKO G EEE POLEXCTSE JTNOEC S, 59, TH, MO P NP w1, 1 A%D)
o o o[ii]5 SUPKUITINE HAS TIE CAPARILITY OF EXTRACTING

A LARIRUM OF 3 COUMPLEY OONMJUGATE POLE DalusStse POLES) OUTY
UF AN INPUTED DISCUETE MAVERORM 2 TVF?,
- . % & w L I B O D DN T B O T U I I Y L
»» UESCRIMTICN OF PALAMETELSS
> NUSOIPENSION OF IMPUT WAVERCRM
»» Tire]! i AVEROR?
> | DECe [ LTEREN® VAVEFOR (POLE EXTRACTED)
»» HPelUN{En Ur COIJVGCATE POLE PAIRSCLAX OF 3)
> NePOLE FEXTHACTION IMTENVAL ;
> Sutlisnbal, “ART OF [TM POLE PAIR T RNE EXTRACTED I
YEDERGOYRIA)
33 SUC1)ellAl PANT OF ITM POLE Pall TN NE EXTRACTED It
".l."
> Ve INEFUl AASIC SAYDLINC [HTERVAL
» JelAG PANT OF TU'S'EL POLE PA[R [I M2 (1SEN FOR

CORKRECT [GNS)

> towlthEl OF GAVEEOQUE TD PROCESS
> [AIVE LF ECUAL TO 212 aArPLITUDE COKRECTION [S SERFORVEDS
»» ¥ EOUAL TO 2 HO AUPLITUDE CORRECTIOM

LA I T I I I D D DR D DR DR DR TR U TN TR DR DR TR I I
DEUSIOr TRFCND), TRUECIN ) (SR, 81t ))

DLEENSTLY CORFUA) JZHL(3) JZHACL D)

Plaj tAaluyyy

fr Gl 1) GO 70 W

TA“PaYLF (2 29PL I TIDE CORNECTIONE, 21,1)

Ul TEC S st )
FUNPRTC?ETEN 2 8

o

CoeitiGe POLE PAIRS TO EXTRACT: “Pa’)
IO AR ST
it swy)
rU IATEZENTER EXTRACT.
e Aol =) YN
0 vl lel P
it w2y
PO TATLZENTER POLE PAIRSRERL JIVAC (e rp)e?)
EAUtr =) Shitir, suth)
SeiileSiilretl Eio)
sallleSi(l et Eive)
intieflin( 1. F=y)
ZHL O Y ek )P (SR )1 eT )eCNS( el oSk [ )eT)
LOACL L eEXD 0% 1eT)
CONT L
NP et Pe |
el PLTL D) GO TO 481
U 41t JeliPt 3
el (T =,
o AGUT Ve,
el
CURRLIIee (7R (1 )eZRIC2VeZ0LCA N
COEF(210lSAGUI ) ZMAGI2 Yo ZUAGI Yo 2e (21 (1 YO 7K1 ()
AIRLELIOZHIL ) SZRL IO ZRLL L))
COEF(S I (I AGE I ZRLI2ISZRLII ) eZMAGI ) ZRLL 1) &2 01 1 1))
VOLMAGE T S(ZRIC L) SZRL 2 ) ek R (YO ZRILDIOZRL(I N

INTERVAL Ve )
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Tew
i
et
(LR
va
e
Ive
w7
vy

sJe
e

S

a0

sl

T ow4s

\r

¢y o

e
it
L
e
iia
1ny
16
A
s
iy
i2e

(W

wce

Cutr (41 IAGC I )@ZMAG(2)oZHAGI2 )02 MAG(]Y)
LTACT )Rl PACL I)eael VAL L) (2 )0 ZRIL 3 ) e
el ol CAGE2 @2 LL G I ZREC 3)eanZMAC( 1) aZR (1 )e2RL(2)

CLEr()w2e (ZUAGT 1) a2UAGI2)0 M (J)eZMAGCI Y OZNAGT S/l (2)
e ZVMAG(2 Ja2UaC( 3wl (1))

Cubr(S1aZ At )e a0 216 2%00G())

Ka2ueNPeNe|

MeK~-|

SUMe,

NB=2 eNp

DO v@ el NR

SUMsSUMeCOEF (] Joe2

SUMSeSONT( teSUM)

SUMSe=1,

DO vil Jei N

UC vig [=K ND N

THDEC( )= TWF (])

Shwi,

DU vig JKsi NB

SKe=le5y

LMo~ JAeN)

TROECHT i TWOECIT 1o SKeCOEF( JK Je THF (MM)

kemi,

THDECU] J=TBDEC (1 )/ {SUNS)

Lape!

CONT INUE

0O Vel Jei M

IWOEC( ] Y miy,

IFNR.Gl.1) GO T sa7

ARITE(R,v4 1)

FORMAT(ZEXTRACTED POLE PAlR1?)

RRITE(H,veR)

FUNRATL? HeAl TMAG?)

DO 543 l=) NP

WRITE(H,%42) SROL) SMD)

FORMAT(2F12.1)

CONT [NUE

WRITE(H, V)

FORMAT(7COEFFICIENTS?)

CU v4a6 =i NB

WRITE(H,045) COEF(D)

FORMATIF20.0)

HHwl o,

Whw

-« " 0 e 0

® ¢ CORMECTION

[F(lAMP.EQ.2) GO TO §

AKITE(B,vIT)

FORMAT(ZENTER IMAGIE®O) OF TUNNMNEL POLE PA[Re’)

READ(H =) SM2

IFISM2.EQ.2,) GO TO ¢

SMle |, EdoeSH2

TelbeNel E=V

EUT RN

. e s ¢ @

DO 6 K=1 NP

e ¢ AMPLITUDE FACTOR CORRECTIONe o

IF(I AMP.EQ.D)Y GO TO 7

FACTH=2® (EXP(SH(X)@T))@(COS(2eP] @SM2 T )=COS(2oP[eSHIK)*T )

DO 4 [=i,ND

THDEC( I )=TWDEC ([ }/FACTR
LU BN

® & PHALE CORNECTION o o
DO 3 I=i ND

ihe]

Timien
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21

142 <

123
[P
[

2]

iv

e ¢

127
o
1éy

it

IFCIL.CT40I0) S0 TO 1A
IwdECU ) PRnEC L DY
ke,

0ty [=IN D
TWREC L Y e,

CUNT Ltk

Wi,

BETUNN

EAND




APPENDIX D
THE POLE RECONSTRUCTION SUBROUTINE

i STHDEC , TIDICH, KG,M'FR, NN, N )
P, IRDECHIIID)
s L E HeCONSTRINCTS THE EARLY DORTIOM™
5 RETE FAVEFOKY CHARACTERIZED AY
’ UGATE POLF PaIR RASEN OM ITS LATF
C . SE
2 € PP CE 1@ FILTEREDS QVFH (1ve1'T)
LI P2 abieCL ] donb COMSTHUCTED TVER" USING THE 1a5F
v < 2A0LTILH Or THE *FILTEREL™ AVFRM
e« 2o NHeECUNISTRUCTION INTERVAL 19UST SATISFY SHANMNY € THEOREM
11 ¢ PUDWIUPUT AliMAY UIMENSION
jd © PPLm ECONSTRUCT IOM START. POINT, CALCULATED FanM THE END
13 ¢ 0F ht *FILTE«EL™ YVFRM
I8 ¢ P35 leuk Al PavT OF WRECONSTRUCTEN POLF PaAlR [ MEPERS(XFO4)
I »35 JnliAC PINT OF e o e e L4 v
1o »  THL OF #XG¢ S DASEN NY THE QEST “ATCH OF TVE
i3 > *F RECOHST., WVFRMS 0% A ARRITHARILY SELFCTED o
e L > IBMEDTATELY FOLLOGUING THE 9['MON OF THE
iy > 1Ll Fitht USED FOR RECOLSTIICTION
ak LA I I I I N R I D DR T D DN T U T TN R T B 2N T T T
2! Vied, 14152 t
ad I (6,2.2) %»
43 423 FUNTAGEPENTER RECNS, INTEkvale?) g
Ja READ(H =) 18 A
&9 Lami/ )
L simjoely 14
a9 Wl TE(E, 13V k
20 1.y FUA ATU?P0LE OF TVE *FILTERED® KVFRY?) 4
b 2% WITVE(H, 14Y) |
s 14y FULOATIZREAL (0 E06) (IHAGToEpG (HZ ) e’ ) 4
s ALY =) SRZ,542
3d nlmSiidel . Eo
<o Si2eSidel Eve
34 Al elliie Tol =y
3 AGlaN Jedel e (el F=y
G L= el JPLAKG2 ) SCOUSICARMD)
3 SNZNeEXT(20A562)
COEF3el/ccQin)
.y Culrdasy gL/ (SCLD)
. TUIReSOLTUISCOEF Jnw2eCDEFQee))
al CRITE(N,111) COERD COEFe
42 Wil FORAAT(ZA, PCOFFI®? FT7.4,2X ,COEFan’ F7 &)
.. FrlTot 112) SH2 .52

dq 112 FOMEATI2X,?Sk2®? F15,.3,742e’ F15,.3)
CUlFeln L 1)

o <) T 2T |

47 aJwy -

"L R YEP(SAMPCINTS TO BE USED [N ERE, CALCML .=, 34,3)
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APPENDIX E
THE TRANSMISSION LINE COMPUTER MODEL WITH
ADDITIONAL RESULTS
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Additional Results on the Transmission Line Model

We present here the results of five more sets of parameters
used in the transmission line model for calculating the target
(tunnel) pole pair and its depth. The first echo responses are
given in Figures E1, E3, €5, E7, E9 and their respective filtered
waveforms (double antenna pole pair extracted) and reconstructed
target responses in Figures E2, E4, E6, E8 and E10. Attention should
be given to the first set of parameters. In this case Equation
(61) is not satisfied for the target response. Thus, the imaginary
part of the calculated target pole (Table E1) deviates from the
actual one (Table 2). This situation becomes more cirtical as the
target resistance increases with respect to Z_. The same is also
true for the antenna pole pair. Under such c8nditions we can still
calculate the target's depth, but not its structure. It should
be noted, though, that given the transmission line parameters (2
and R_) we could finally calculate the proper target resonances ?o
deterfine the target's structure. All sets have the following common
parameters:

Conductivity of o = 5.x10 8 /m.

Line characteristic impedance of Zo = 377.+30.
Generator internal resistance of Rs = 377.8
Relative permitivity of € ® A

Relative permeability of My ™ ¥

Line length (target depth) of d = 30 m,

Table £1
WODEL PARAME TERS
WVFRM | TARGET® ANTENNA® | R, Ry T GAUSS AN
POLE(x10%) | POLE(x108) | (ohms) | (ohms) | (nsec) | PULSE WIDTH
Fig. 1E| -504§40 | -50+350 100 | 600 .39064 | 6 nsec
Fig. 26| -303360 | -403370  |312 | 416.67 |.61043 | 6 nsec
Fig. 4E| -60+j80 | -50590  |250 | 208.33 |.61043 | 6 nsec
Fig. 6€| -403380 | -90+§100 |277.78 | 625.0 |.73251 | 6 nsec
Fig. 8E| -8034100 |[-1003§120 [250 | 312.5 |.48834 | 3 nsec

* The real and imaginary parts of the poles are in
Nepers/sec and Hz, respectively.
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